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Summary. Carotenoid pigments are essential for the protec- 
tion of both photosynthetic and non-photosynthetic tissues 
from photooxidative damage. Although carotenoid biosyn- 
thesis has  been studied in many organisms  from bacteria 
to higher plants,  little is known about carotenoid biosyn- 
thetic enzymes, or the nature and regulation of the genes 
encoding  them.  We  report here the  first  DNA  sequence 
of carotenoid genes  from any organism.  We  have  deter- 
mined  the  complete nucleotide sequence (11039 bp)  of a 
gene cluster encoding seven of the eight previously known 
carotenoid genes (crtA, B,  C, D, E, F, 1) and a  new gene, 
designated  crtK,  from  Rhodobacter  capsulatus,  a  purple 
non-sulfur  photosynthetic bacterium.  The  5'  flanking  re- 
gions of crtA, L D and E contain a highly conserved palin- 
dromic sequence homologous to the consensus binding site 
for a variety of prokaryotic DNA-binding regulatory pro- 
teins.  This  putative  regulatory palindrome  is  also  found 
5' to the puc operon, encoding the light-harvesting I1 anten- 
na  polypeptides.  Escherichia  coli-like  ~r  v°  promoter  se- 
quences are located 5' to crtI and crtD, suggesting for the 
first time that such promoters may exist in purple photosyn- 
thetic bacteria. The crt genes form a minimum of four dis- 
tinct  operons,  crtA,  crtlBK,  crtDC and  crtEF,  based  on 
inversions  of transcriptional  orientation  within  the  gene 
cluster. Possible rho-independent transcription terminators 
are located 3' to crtI, B, K,  C and F.  The 3' end of crtA 
may  overlap transcription  initiation  signals  for a  down- 
stream gene required for bacteriochlorophyll biosynthesis. 
We have also  observed two regions of exceptional amino 
acid homology between CrtI and CrtD, both of which are 
dehydrogenases. 
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Introduction 
Carotenoids comprise a  major class of pigment molecules 
synthesized de novo in all photosynthetic organisms from 
bacteria to plants,  as well as in some non-photosynthetic 
bacteria,  fungi,  and  yeasts  (reviewed in  Goodwin  1980). 
The  carotenoid  pigments  protect  against  photooxidative 
damage produced by the combination of light, oxygen and 
endogenous photosensitizers (Krinsky 197l), and in addi- 
tion  harvest  light  in  photosynthetic  systems  (Goodwin 
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1980).  Carotenoids also serve as the precursors of vitamin 
A  and retinal in humans  (Pitt  1971),  and are found in  a 
variety of other animals (Bramley 1985). 
Despite the crucial role of carotenoids in photooxidative 
protection, no carotenoid gene sequences from any organ- 
ism  have  been  reported  and  few carotenoid biosynthetic 
enzymes have been purified to homogeneity, nor have the 
molecular mechanisms regulating carotenogenesis been elu- 
cidated. Light has been shown to regulate the accumulation 
of carotenoids in higher plants, algae, fungi and non-photo- 
synthetic bacteria  (Harding  and  Shropshire  1980).  Gene- 
specific probes which would facilitate the study of carot- 
enoid gene expression are lacking in these organisms, how- 
ever. Purification of carotenoid enzymes has been hindered 
in many cases by their rapid loss of activity upon separation 
from a  membrane environment (Bramley 1985),  thus pre- 
venting detailed biochemical studies. 
Rhodobacter  capsulatus  (this designation replaces Rho- 
dopseudomonas  capsulata,  as  proposed  by  Imhoff et al. 
1984),  a  gram-negative purple non-sulfur bacterium,  is  a 
facultative phototroph. This metabolically versatile bacteri- 
um has proven extremely valuable in studies of photosyn- 
thesis  and  nitrogen  fixation,  providing extraordinary in- 
sights into these processes with applications to other organ- 
isms  (reviewed in  Scolnik and Marrs  1987).  R. capsulatus 
grows  chemoheterotrophically when  oxygen is  abundant, 
but induces an ihtracytoplasmic photosynthetic membrane 
system upon reduction of the oxygen tension in the growth 
medium (Drews and Oelze 1981). Photosynthetic induction 
triggers the expression of genes encoding three major mem- 
brane-bound pigment-protein complexes (Clark et al. 1984; 
Klug  et al.  1985).  Carotenoids  (Crt)  and  bacteriochloro- 
phyll (Bchl) are present in these three complexes, namely 
the photochemical reaction center (RC), and the two light- 
harvesting antennae (LH-I and LH-II; Drews 1985). 
Rhodobacter capsulatus provides an excellent model sys- 
tem  to  study  Crt  biosynthesis  for  several  reasons.  First, 
all known crt genes lie within a 46 kb photosynthetic gene 
cluster derived from the bacterial chromosome and carried 
on the R-prime plasmid pRPS404 (Marrs 1981). The photo- 
synthetic gene cluster includes  at least  9 Crt  and  11 Bchl 
biosynthetic genes, along with the pufQBALMX and puhA 
operons  encoding  structural  photosynthetic  proteins 
(Fig. 2;  Yen  and  Marrs  1976;  Taylor et al.  1983;  Zsebo 
and Hearst 1984; Youvan et al.  1984a;  Bauer et al.  1988; 
this work). The pucBA  operon encoding the LH-II fl and 
polypeptides,  respectively, maps  outside  the  photosyn- 
thetic gene cluster (Youvan and Ismail 1985). 255 
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Fig. 1.  The Rhodobaeter capsulatus carotenoid  biosynthetic pathway  (Scolnik et al.  1980; Giuliano et al.  1986; Armstrong  et al., this 
work, in preparation).  Trivial names for intermediates are used here and throughout  the text. ~-carotene is shown as an intermediate 
on the basis of recent observations made in an  in vitro  system (Giuliano et al.  1986), although  7,  8,  II, 12 tetrahydrolycopene has 
also been proposed.  ? indicates that the gene associated with this reaction has not been identified. Some of the early C4o intermediates 
occur as cis isomers in certain organisms (Goodwin 1980) 
In addition, a variety of Crt transposon (Tn5,7), inter- 
poson and point mutants are available and are readily iden- 
tified by their altered pigmentation (Yen and Marts  1976; 
Scolnik et al,  1980; Zsebo and Hearst 1984; Giuliano et al. 
1986,  1988).  These mutants have allowed the mapping of 
the  crt  genes  on pRPS404  by  genetic  and  physical tech- 
niques  (Yen  and  Marrs  1976;  Taylor et al.  1983;  Zsebo 
and  Hearst  1984;  Giuliano  et al.  1988;  Armstrong et al., 
in preparation),  as well  as  the  assignment  of biochemical 
functions to the crt gene products based on the accumula- 
tion of Crt intermediates in vivo or in vitro (Scolnik et al. 
1980;  Giuliano  et al.  1986;  Armstrong et al.,  in  prepara- 
tion). 
Finally, the early reactions of Rhodobaeter  Crt biosyn- 
thesis  follow a  pathway common to  many carotenogenic 
organisms through the formation of neurosporene (Fig. 1 ; 
Goodwin 1980). Spheroidene is the major Crt end product 
found in  strictly anaerobic cultures  of Rhodobacter,  while 
its  keto-derivative,  spheroidenone,  predominates  in  the 
presence of oxygen (Goodwin 1980). 
We  have  undertaken  an  intensive  study  of the  gene 
structure,  regulation,  and  nature  of the  protein  products 
of the R. capsulatus Crt biosynthesis genes.  We report here 
the  cloning  and  sequencing  of  11039 bp  of  contiguous 
DNA from the photosynthetic gene cluster of R. capsulatus. 
This  region  contains  crtA,  B,  C,  D,  E,  F,  I  and  a  new 
gene  located  between  crtB  and  crtC,  which we  designate 
crtK. These eight crt genes encode enzymes catalyzing most 
of the  reactions  from the  condensation  of two molecules 
of geranylgeranyl pyrophosphate to the formation of spher- 
oidene and  spheroidenone  (Fig. 1).  Portions  of two addi- 
tional open reading frames (ORFs), designated ORF H and 
ORF J,  were found in the regions flanking the  crt genes. 
Potential ORFs were matched with genetic loci by compari- 
son  of the  DNA  sequence  and  existing  genetic-physical 
maps (Taylor et al. 1983; Zsebo and Hearst 1984; Ginliano 
et al.  1988),  examination  of codon  usage  and  ribosome 
binding sites,  and high resolution mapping of Tn5.7 inser- 
tion  mutations  (Armstrong  etal.,  in  preparation).  Se- 
quences similar to Escherichia coli ~o promoters, rho-inde- 
pendent transcription terminators and recognition sites  for 
DNA-binding transcriptional regulatory factors have been 
found within the  crt gene cluster.  We have also  observed 
extensive  amino  acid  homology between  CrtI  and  CrtD, 
both of which are dehydrogenases. 
Materials and methods 
Bacterial strains.  Escherichia coli strains HBIO1  (Maniatis 
et al.  1982) and JMI03 (Messing et al.  1981)  were used as 256 
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Fig. 2.  Organization  of the  carotenoid  biosynthetic gene duster.  Directions of transcription  are  indicated  with arrows and  putative 
transcriptional  regulatory  sites (Fig. 6)  are indicated  by a  dot. Numbers  above the  genes show the putative  nucleotide positions  of 
translational  starts  and  stops. Restriction  sites referred to here or in previous genetic-physical mapping  studies are indicated below 
the genes. B, BamHI; E, EcoRI; Bg, BglII; X, XhoI. Boxes containing a letter indicate specific  restriction fragments from the photosynthesis 
gene cluster of pRPS404  (Zsebo and  Hearst  1984), while the  IS21 elements derived from  the  vector  are indicated  to  the  left and 
right.  The locations  of photosynthesis genes outside the  crt gene cluster are  shown above the boxes. The pufB,  A,  L  and  M  genes 
encode the LH-I fl,  ~ and  the RC-L, RC-M polypeptides, respectively, while the puhA  gene encodes the RC-H polypeptide (Youvan 
et al. 1984a). Regions containing bacteriochlorophyll biosynthetic genes are indicated by beh 
Table 1. Plasmids used in this study 
Plasmid  Insert carried  Location a  References 
pBR322  Bolivar et al. (1977) 
pBR325  Bolivar (1978) 
pRPS404  Rhodobaeter  eapsulatus photosynthetic gene cluster  Marrs (1981) 
pFL103  pRPS404 BamHI-H  fragment in pBR325  1-3908  This work 
pFL104  pRPS404 BamHI-G fragment in pBR325  3909-7776  This work 
pFL227  pRPS404 BamHI-J fragment in pBR325  8588-11039  This work 
pFL268  pRPS404 BamHI-M fragment in pBR325  7777-8587  This work 
pGABXt  pRPS404 BglII-A/XhoI-D  fragment in pBR322  4850-9797  This work 
pGABX2  pRPS404 BglII-D/XhoI-D  fragment in pBR322  1-4849  b  This work 
a numbers given refer to nucleotide positions (Fig. 2) 
b also includes the BarnHI-E/XhoI-D fragment 
hosts for the pBR-derived plasmids, and recombinant M13 
phage, respectively. HB101 and JM103 were cultured using 
LC broth (Marrs 1981) or M9 minimal growth media (Man- 
iatis  et al.  1982).  Ampicillin was used  at  a  concentration 
of 50 ~tg/ml to select for pBR-derived plasmids, while 50 Ixg/ 
ml kanamycin was used to select for pRPS404 (Marts 1981). 
Cloning.  Plasmids  pBR322,  pBR325,  and  restriction  en- 
zymes  obtained  from  various  commercial  suppliers  were 
used in accordance with specifications provided and stan- 
dard  recombinant DNA protocols (Maniatis  et al.  1982). 
pRPS404 was partially digested with BamHI and the result- 
ing  fragments  shotgun  cloned  into  the  BamHI  site  of 
pBR325.  Recombinant plasmids containing the BamHI-J, 
-M, -G, -H fragments (Fig. 2), designated pFL227, pFL268, 
pFL104, and pFLI03, respectively (Table 1), were isolated. 
The  BglII-A/XhoI-D  and  BglII-D/XhoI-D  fragments  of 
pRPS404  were  isolated  from  an  agarose  gel  and  cloned 
into  SalI/BamHI  restricted  pBR322,  generating pGABX1 
and  pGABX2  (Table 1).  These  two  plasmids  overlap  all 
of the BamHI sites within the crt gene cluster. The BamHI 
inserts  from pFL227,  pFL268, pFL104 and pFL103  (Ta- 
ble 1)  were  isolated  from  low-melting  agarose  (Maniatis 
et al.  1982)  and either cloned directly or further restricted 
prior to shotgun cloning into M13mp18 or M13mp19 vec- 
tors (Yanisch-Perron et al.  1985). 257 
DNA isolation and sequencing. Plasmid DNAs were isolated 
and purified by centrifugation through CsC1 gradients ac- 
cording to standard procedures (Maniatis et al.  1982).  Se- 
quencing of the M13 subclones was performed by the chain 
termination  dideoxy method  (Sanger  et al.  1977),  with  a 
commercial  primer.  Additional  oligonucleotide  primers 
were synthesized using an Applied Biosystems 381A DNA 
synthesizer. The sequences of these oligonucleotides (5' to 
3")  and  their  locations  (Fig. 3)  are  as  follows: 
GCCCGTCCACCTCTTCCG (bp 3964-3947),  GGACCG- 
GACCAAGGTGGCGC (bp 6264-6245),  GCATCCCCT- 
CGCGGATCGCCC (bp 7649-7668), GGCGGGCAGAT- 
CGTCATGC (bp 8717-8699).  These primers were used for 
supercoil sequencing (Chen and  Seeburg 1985)  with plas- 
raids pGABX1 and pGABX2 as templates, 
Chemicals  and  enzymes.  Antibiotics  were  obtained  from 
Sigma.  Enzymes  used  in  DNA  cloning  and  sequencing, 
cloning vectors, the M13 primer and CsC1 were obtained 
from New England Biolabs or Bethesda Research Labora- 
tories. ~[32p] dATP (400 Ci/mmol) was supplied by Amer- 
sham, while unlabeled dNTPs and ddNTPs were obtained 
from PL Biochemicals. Low melting point and normal agar- 
ose were supplied by Bio-Rad Laboratories. Bacteriological 
supplies were obtained from Difco. 
DNA  and  protein  sequence  analysis.  Homology  matrix 
search programs were used to perform nucleotide and pro- 
tein sequence comparisons (Pustell and Kafatos 1982). The 
stabilities of putative secondary structures were calculated 
as previously described (Youvan et al. 1984 a). Mean hydro- 
pathy values for proteins were calculated using the consen- 
sus hydrophobicity scale of Sweet and Eisenberg (1983). 
Results 
Sequencing, and location ofcrtA, B, C, D, E, F, I, 
and K 
Seven  of the  eight  previously identified R. capsulatus  crt 
genes were known to be clustered on the BamHI-H,  -G, 
-M, and -J fragments of pRPS404 (Fig. 2) in the order crtA, 
L  B,  C,  D,  E,  F  from  left  to  right  (Taylor et al.  1983; 
Zsebo and Hearst 1984; Giuliano et al.  1986,  1988).  These 
studies  established  that  mutations  causing  Bchl-  pheno- 
types map at both ends of the crt gene cluster within these 
four BamHI fragments, crtJ, identified by a Tn5.7 insertion 
(Zsebo and Hearst 1984) and separated from the other crt 
genes by about  12 kb  (Fig. 2),  was  not  examined in  this 
work. 
The complete nucleotide sequence of the BamHI-H, -G, 
-M and -J fragments of pRPS404 (Fig. 2) was determined 
using  M13  subclones  derived  from  pFL227,  pFL268, 
pFL104  and  pFL103  (Table 1).  Sequencing  across  the 
BamHI sites on pGABX1 and pGABX2 (Table 1) demon- 
strated that the four BamHI fragments are indeed contigu- 
ous. Fig. 3 shows a portion of the 11039 bp sequence deter- 
mined. Because pRPS404 carries a ertD223 point mutation 
(Marrs  1981),  the nucleotide and deduced polypeptide se- 
quences presented here reflect this deviation from the wild- 
type R. capsulatus sequences, 
The bias  in R. capsulatus  against  codons ending in A 
or  T  provides  a  powerful criterion  for the  identification 
of genes from a  collection of possible ORFs preceded by 
ribosome binding  sites  (see next section).  Potential ribo- 
some binding sites (Fig. 4), and codon usage (Table 2), were 
evaluated by comparison to other sequenced R. capsulatus 
genes known to encode proteins. Our assignment of specific 
ORFs  to the  crt loci was  based  on the  alignment  of the 
rough genetic-physical maps with the nucleotide sequence, 
and with the phenotypes and insertion sites of Tn5.7 mu- 
tants (Armstrong et al., in preparation) and interposon mu- 
tants (Giuliano et al. 1988). 
The sequenced region contains three additional ORFs, 
designated  crtK,  ORF  H  and  ORF  J,  distrinct from any 
of the previously described crt genes. Interposon mutations 
introduced  at  SalI  (bp 5583)  and  NruI  (bp 6723)  sites 
(Fig. 2) have both been proposed to lie within crtC because 
they result in the accumulation of neurosporene, a  CrtC- 
phenotype (Giuliano et al.  1988).  Based  on the  DNA  se- 
quence,  however,  the  interposons  interrupt  two  distinct 
genes, which cannot be cotranscribed because of their con- 
vergent transcriptional orientations. Because both mutants 
are phenotypically similar, it is not clear with which locus 
previously described crtC point mutants are actually asso- 
ciated (Yen and Marrs 1976; Scolnik et al. 1980).  Genetic- 
physical maps (Taylor et al. 1983; Zsebo and Hearst 1984) 
have shown  crtC to be bounded by crtB and  crtD,  with 
a  gap  left between  crtB  and  crtC.  On  the  basis  of these 
studies, we designate the previously undetected gene located 
in this gap as crtK (Fig. 2). 
An interposon insertion at an EcoRV site (bp 1303) and 
a transposon insertion (between bp 998-1244) cause Bchl- 
phenotypes,  although  both  of these  mutations  lie  within 
the 3' end of the ertA gene (Giuliano et al. 1988; Armstrong 
et al., in preparation). Mutations at the 5' end of crtA cause 
a  CrtA-  phenotype but do not affect Bchl synthesis. The 
most likely explanation for these effects is the polar inacti- 
vation of ORF H  (Fig. 2) in the insertion mutants, by dis- 
ruption  of ORF  H  regulatory signals  overlapping the  3' 
coding region of crtA. A similar overlap between promoters 
5' to pufQ  and the  3' coding region of an upstream gene 
has recently been proposed in Rhodobacter (Kiley and Kap- 
lan  1988;  Bauer et al.  1988).  ORF  H, which extends into 
the adjacent BamHI-E fragment (Fig. 2), may thus be part 
of an operon required for Bchl biosynthesis. A mutant bear- 
ing an interposon insertion at an ApaI site (bp 10713) with- 
in ORF J exhibits a Bchl- phenotype, suggesting that this 
ORF  may  also  be  part  of an  operon  required  for  Bchl 
biosynthesis (Giuliano et al. 1988). ORF J terminates within 
the adjacent BamHI-C fragment (Fig. 2; Alberti M., unpub- 
lished). 
Ribosome binding sites,  translational starts and codon usage 
of the carotenoid genes 
Youvan  et al.  (1984a)  originally  observed  a  strong  bias 
against codons having an A  or T  in the third position in 
the R. capsulatus genes encoding RC-H, RC-L, RC-M, and 
the LH-I r,  ~ polypeptides. This pattern of codon bias is 
maintained in all other sequenced R. capsulatus  genes en- 
coding proteins  (Table 2).  Among the  3979  codons  from 
previously sequenced R. capsulatus genes, the triplets ATA, 
CTA, GTA and TTA, for example, are never used. 
The  proposed  amino  acid  sequences  of the  crt  gene 
products  (Fig. 3)  and the  ORFs  (data  not  shown) corre- 
spond to the longest possible translations of ORFs possess- 
ing Shine-Dalgarno ribosome binding sites (Shine and Dal- 258 
GTTACGGc~CGTTTcTTCGACCGTCCGGGCcACGCGGGCCGTCGAGCCGGCTTCATC~GGGGAT~GCGGCG~AGACGGTGCGACAGCGCCATCGTTGCCACCcGCTTCAGGTGATCGC  736 
C~TGCCGTTGcAAAG~GCTGGCAGGC~CGGTGCG~CCGGcAGcTCG~CG~GTAGTTCCCCTAGCGCCGCGTCTGCCACGCTGTCGCGGTAGC~CGGTGGGCG~GTCCACTAGCG 
"''PLTEEVTRAVRATSGAEDLPDRRLRHSLAMTAVRKLHDR 
GACCGACCGCGGTTGCCCCTTCCAGCGCCGC~GGGCACGGGCCGATCGCAG~GCGTCAGCTCG~CCCGCAGACCGTCGGACCCCAGCGCGATGCAAAGCGCGG~GCAGTCATAAAGCG  856 
CTGGCTGGCGCC~CGGGG~GGTCGCGGCGTTC~CGTGCCcGGCTAGCGTCTTCGCAGTCGAGCGGGGCGTcTGGCAGCCTGGGGTCGCGCTACGTTTCGCGC~GCGTCAGTATTTCGC 
GVATAGELAALARASRLLTLEGRLGDSGLAICLAACDYLA 
CGGTGTTCGGCGCCTCGACCTTCGGCAGACGTTCACGCGCTTCCAG~TCTGGTTGCGGATGTCCATGTCCTTGGGCCGCCA~TCTTCCAGAAAGGCTTTCGGATCTGCGTCATAGGTGT  976 
GCCAC~GCCGCGGAGCTGG~GCCGTCTGC~GTGCGCG~GGTCTTAGACC~cGCCTACAGGTACAGG~CCCGGCGGT~G~GGTCTTTCCGAAAGCCTAGACGCAGTATCCACA 
TNPAEVKPLRERAELIQNRIDMDKPRWEELFAKPDADYTD 
CGCGGCGACGGATCACCTCGACCCGGGTTT~GACGTCGCGGGGCGACAG~cCTCGACCGAGAGGCCGAAACGGTCCAG~GCTG~GGCCGCAGGTCGCCCTCTTCCGGGTTGCCCGAGC  1096 
GCGCCGCTGCCTAGTGGAGCTGGGCcCA~a-AGCTGCAGCGCCCCGCTGTCTTGGAGCTGGCTCTCCGGCTTTGCCAGGTCTTCGACGCCGG~GTcCAGCGGGAG~GGCCC~CGGGcTCG 
RRRIVEVRTEVDRPSLVEVSLGFRDLLQPRLDGEEPNGSG 
CGACCAG~CGAAACGGGCGGGGTGACGGATCGAGAGGCCGTCGcGTTCCACCACGTTCTCGCCCGATTGCGCCACGTCGAG~AG~GATCGACGATGTGATCTTCCAGCAGGTTGCATT  1216 
GCTGGT~TTGCTTTGCCCGCCCCA~TGCCTAGCTCTCCGGCAGCGC~GGTGGTGC~GAGCGGGCT~CGCGGTGCAG~TCGTCTT~TAGCTG~TACACTAG~GGTCGTCC~CGT~ 
VLVFRAPHRISLGDREVVNEGSQAVDLLLDVIHDELLNCE 
CGTCGATGTAAAGGT~CCGCGGTT~CCCGGGCCAG~GGCCCGGTTCAAACGCCTTTTCCCCTTTCGAGATCGCGCGCTCGATATCCAGCGCCCCCACCACGCGGTCTTCcGACACGC  1336 
GCAGCTACATTTCCATTGGCGCC~CCGGGCC~GGTcTTCCGGGCC~GTTTGCGGAAAAGGGGAAAGCTCTAGCGCGCGAGCTATAGGTCGCGG~GTGGTGCGCCAG~GGCTGTGCG 
DIYLYGRNARALLGPEFAKEGKSIAREIDLAGVVRDESVG 
CGAGCGGCAGATCGACGACCGGGGTCGGCTTGCGGATCACGTTGGTCGAAA~AC~TCGC~C~TCGGGGATCATCTCGACATTGGGCGAGGACACCGGGCA~CCTCGACCGCCTCGA  1456 
GCTCGCCGTCTAGCTG~TGGCCCCAGCCG~CGCCTAGTGC~CCAGCTTTCGTGCCAGCGGGTTAGCCCCTAGTAGAGCTGT~CcCGCTCCTGTGGCCCGTCGGGAGCTGGCGGAGCT 
LPLDVVPTPKRIVNTSLVTAWDPIMEVNPSSVPCGEVAEI 
TTTCGGGCAAAAGCGCCGCCAGCGCC~GCACCGCGGTCGATTTGCCGGTGCCGCGGTCACCAAAGAcCAG~CGCCGCCGATGCCGGGATCGACCGCGGTC~CAGCAGCGCCAGTTTCA  1576 
AAAGCCCGTTTTCGCGGCGGTcGCGGGCGTGGCGCCAGCTAAACGGCcA•GG•GCCAGTGGTTTCTGGTCTTGCGGCGGCTACGGCCCTAGCTGGCGcCAGTTGTCGT•G•GGTCAAAGT 
EPLLAALARVATSKGTGRDGFVLVGGIGPDVATLLLALKM 
TGTCTTCCTGACCGACGATGGCAGAAAAGGGAAAGAcGGGTCTCGT~TTCGCGCCCG~GCAGAGGGTTG~GTCGAGCGACGGCGGTAGTCATGCAGTTTCCCTTTCC~GAcTTTGCT  1696 
ACAG~GGACTGGCTGCTACCGTCTTTTCCCTTTCTGCCcAGAG~AG~GCGcGGGCTTCGTCTCCC~CTTCAGCTCGCTGCCGC~ATCAGTAcGTcAAAGGGAAAGGTTCTGAAACGA 
DEQGVIASFPFVPRTKAGSASPQLRAVATTMCNGKGLSQQ 
GGCGAGCGGGTCCTT~cCATCCAGCTT~CTCGGT~CCc~GCAAACGG~C~GGGcATAGAGTTCTTCGGTG~CC~CCTTCTTCACGcGCAGCAcGGATGGCCTTGCCATGCGGCG  1816 
CCGCT~GCcCAGG~CGGGTAGGTCG~GGGAGCCA~GGTTCGTTTGCCTTGGC~CGTATCTC~G~GCCACTTGGTTGG~G~GTGCGCGTCGTGCCTACCGG~CGGTACGCCGC 
RAPGQGDLKGRDGLLRFRAYLEETFWGEERAARIAKGHPT 
TGTcGCCGCGGGCG~GGCGTTCATCTTTGCcACATCCGGCCAGATCGAGAAAGTCACTTGATGGAAAAGGGG~TTTCC~CGATCCCGATCTTG~CATCAGGTTCTGAT~CTCGCCGA  1936 
ACAGCGGCGCCCGCTTCCGC~GTAGAAACGGTGTAGGCCGGTCTAGCTCTTTcAGTG~CTACCTTTT~CCCTTAAAGGGGcTAGGGCTAG~CTTGTAGTCC~GACTAGGAGCGG~T 
DGRAFANMKAVDPWISFTVQHFLPIEGIGIKFMLNQDEGV 
CTTTCTCGGAAATCTTCGGCACGCGCGACCAG~GGCATTGGCCTTGTGCGGCTTGATCGCGGCG~GGGTCAGcGCCACCACGGG~TCGTCCGGGCTTGGCTCGGCCAC~TGTTCGGGCA  2056 
GAAAGAGCCTTTAG~GCCGTGCGCGCTGGTCTTcCGT~CCGG~CACGcCG~CTAGCGCCGCGCC~AGTCGCGGTGGTG~cCGAGCAGGCCCG~CCGAGCCGGTGGAC~GC~CGT 
KESIKPVRSWFANAKHPKIAARTLAVVPEDPSPEAVQEPL 
GG~CGGATTGACGCCGCCCCAGGTGCCGCGCGCCGAAAGCGGCTGcAGATGcAGCAC~AGCGTTTCCGCCGCATGCGcCcG~CAGCGcTTCCAGACCGGGTGGTTC~GGTCACGTCGC  2176 
CCTTGCCT~CTGCGGCGGGGTCCACGGcGCGCGGCTTTCGCCGACGTCTACGTCGTGGTCGCAAAGGCGGCGTAcGCGGGCGGTCGCG~GGTCTGGCCCACC~GCGcCAGTGCA~G 
FPNVGGWTGRASLPQLHLVLTEAAHARWRKWVPHNATVDR 
GG~ATcGGCCTCGGTGTCGAAAGCCGCCATGATcGCCCAGACGCGCCAGTTCGGcTT~GG~GTG~GCCcT~GCCGGTGcCCGATCCG~A~AGTTTGTAG~CTTcACC~GCGGCT~GT  2296 
CCCGTAGCCGGAGCCACAGCTTTCGGcGGTACTAGCGGGTCTGCG~GGTC~CG~GCcG~AcTTCGGGAGCGGcCACGGGCTAGGCGTGTCAAAcATCTTG~GTGGGCGcCGAGCA 
ADAETDFAAMIAWVRWNPKPTFGEGTGSGCLKYFKVRPED 
CGTTCAGGGGGCGGCGG~CAGGATCATCTGGCTGATGACcCAGGGCAGCGAG~TTGTGCCGTCGAAA~GG~CAGGCTGAGTGAGGCGACAGGCATCTACGTcCTCCCCTGTGATGTGT  2416 
+++ 
GC~GTCCCCCGCCGCCCTGTCCTAGTAGACcGACTACT~GGTCCCGTcGCTCG~ACG~A~TTT~CTTGTCCGACTCACTCCGCTGTCCGTAGATGCAGGA~GGGACACTACACA 
NLPRRSLIMQSIVWPLSSTGDFRFLSLSAVPM 
<---ariA 
-35  -10 
******  ****** 
~CGGGATATTTACATCTGGGTCCCTTGT~TGG~GGCCTCAGACGTTTTGTCGCGAGACAGCGT~GACAGTTGTAAATCGG~TTGACGACcTAT~ATCCCCCC~TGC~CCTGAAA  2536 
++  +++++  ++ ++ +++  +++ ++ ++ 
TTGCCCTATAAATGTAGACCCAGGG~CATTACCTTCCGGAGT~TGCAAAACAGCGCTCTGTCGCAGCTGTC~CATTTAGCCTT~CTG~TGGATAGTAGGGGGGTTACGTTGGACTTT 
crtI ---> 
MT 
CTACCG~GAAACCATGTCC~G~CACAG~GGTATGGGTCGCGCCGTTGTCATCGGTGCCGGCCTTGGCGGT~TTGCTGCAGCGATGCGGCTGGGCGCAAAAGGTTAC~GGTGACGG  2656 
GATGGCTTCTTTGGTAcAGGTTCTTGTGTCTTCCATACCCAGCGCGGC~AGTAGCCACGGCCGG~ACCGCCAG~CGACGTCGCTACGC~GACCCGCGTTTTCC~TGTTCCACTGCC 
VVDRLDRPGGRGSSITKGGHRFDLGPTIVTVPDRLRELWA 
T~GTCGATCGTCTGGATCGGCCCGG~GGGCGTGG~TCTT~GATcAcc~GG~GGG~ATCGATTCGA~CTTGGGCCGAcGAT~GTGACGGTGCC~GA~CGGCTGCG~GAGCTTTGGGcCG  2776 
AGCAGCTAGCAGAcCTAG~GGGCCGCcCG~ACCGAG~G~TAGTGGTTCCCGCCCGTAG~T~GCTGG~cCC~TG~TAGCAcTGCCACGGG~TGGC~GACGcGCTcGAAACC~GGC 
DCGRDFDKDVSLVPMEPFYTIDFPDGEKYTAYGDDAKVKA 
ATTG~GCGCGATTTCGAC~GGACGTGAG~CTTGTGccGATGGAGCCCTTCTACACCATCGATTTCCCCGATGG~GAGAAATACA~CGCTTACGGCGATGAC~C~TC~GGCCG  2896 
T~CGCCCGCGCTAAA~TGTTC~TGCACTCGG~CACGGcTACCTCGGG~GATGTGGTAGCTAAAGG~CTAc~GCTCTTTATGTGGCG~TGcCGCTACTGCGGTTCCAGTTCCGGC 
Fig. 3.  Nucleotide  and  deduced  amino  acid  sequences  of the  crtA,  B,  C,  D,  E,  F, I  and  K  genes  and  gene  products.  The  nucleotide 
sequence  shown  extends  from  the  stop  codon  of crtA  (bp 617)  to  the  start  codon  of ORF J  (bp 10684;  Fig. 2).  The  deduced  single 
letter amino acid translation of the ert genes is given; arrows above the start codons show directions of transcriptions.  Putative ribosome 
binding sites preceding the start codons  are underlined.  Possible  Eseheriehia eoli-like promoters  (Fig. 5) are indicated by asterisks above 
the antisense  strand.  Putative palindromic regulatory  sites (Fig. 6A) are shown by  +  between the two strands,  below nucleotides  which 
are complementary in both halves of the palindrome. Possible rho-independent  terminators  (Fig. 7) are indicated by pairs of converging 
arrows above complementary nucleotides in the antisense strand EVARISPGDVEGFRHFMWDAKARYEFGYENLGRKPMSKLW 
AGGTGGCGCGGATCAGCCCCGGCGATGTCGAGGGCTTCCGCCATTTCATGTGGGACGCC~GGCCCGTTATG~TTCGGCTATGAAAACCTCGGCCGC~GCCGATGAGC~GCTGTGGG  3016 
TCCACCGCGCCTAGTCGGGGCCGCTACAGCTCCCG~GGCGGTAAAGTACACCCTGCGGTTCCGGGC~TACTT~CGATACTTTTGGAGCCGGCGTTCGGCTACTCGTTCGACACCC 
DLIKVLPTFGWLRADRSVYGHAKKMVKDDHLRFALSFHPL 
ACCTGATC~GGTTCTGCCGACTTTCGGCTGGCTGCGCGCCGACCGCTCGGTCTATGGCCATGCC~G~GA~GGTG~GGACGACCACCTGCGCTTCGCGCTGTCGTTCCATCCGCTTT  3136 
TGGACTAGTTCC~GACGGCTGAAAGCCGACCGACGCGCG~TGGCGAGCCAGATACCGGTACGGTTcTTCTACCACTTCCTGCTGGTGGACGcG~GCGCGACAGC~GGTAGGCGAAA 
PIGGDPFHVTSMYILVSQLEKKFGVHYAIGGVQAIADAMA 
TCATCGGcGGCGACCCCTTCCATGTGACGTCGATGTATATCCTCGTCAGCCAGCTCGAAAAGAAATTCGGCGTGCATTAC~GATCGGCGGCGTGCAGGCGATTGCCGATGCGATGGCCA  3256 
AGTAGCCGCCGCTGGGG~GGTACACTGCAGCTACATATAGGAGCAGTCGGTCGA~TTT~CTTT~GCCGCACGT~TGCGCTAGCCGCCGCACGTCCGCT~CGGCTACGCTAcCGGT 
KVITDQGGEMRLNTEVDEILVSRDGKATGIRLMDGTELPA 
AGGTGATCACcGATCAGGGCGGCGAGATGCGCCTG~CACCGAGGTCGACGAGATCCTGGTCTCGCGTGACGGC~GGCCACGGGCATCCGGCTGATGGACGGCACCGAGCTTCCGGCGC  3376 
TCCACTAGTGGCTAGTCCCGCCGCTCTACGC~ACTTGTGGCTCCAGCTGCTCTAGGACCAGAGCGCACTGCCGTTCCGGTGCCCGTAGGCCGACTACCTGCCGTG~TCG~GGCCGCG 
QVVVSNADAGHTYKRLLRNRDRWRWTDEKLDKKRWSMGLF 
AGGTTGTCGTCTCG~CGCCGATGCGGGCCACACCTAC~GCGTCTCTTGCGC~CCGCGACCGCTGGCGCTGGACCGACGAG~GCTCGAC~G~GCGCTGGTCGATGGGGCTTTTCG  3496 
TCC~CAGCAGAGCTTGCGGCTACGCCCGGTGTGGATGTTCGCAGAG~CGCGTTGGCGCTGGCGACCGCGACCTGGCTGCTCTTCGAGCTGTTCTTCGCGACCAGCTACCCCGAAAAGC 
VWYFGTKGTAKMWKDVGHHTVVVGPRYKEHVQDIFIKGEL 
TCTGGTATTTCGGCACc~GGGTACGGCC~GATGTGG~GGATGTGGGTCACCACACCGTCGTCGTCGGGCCGCGCTAC~GG~CATGTGCAGGACATCTTCATC~GGGCGAGCTGG  3616 
AGACCATAAAGCCGTGGTTCCCATGCCGGTTCTACACCTTC~TACACCCAGTGGTGT~CAGCAGCAGCcCGGCGCGATGTTCCTTGTACACGTCCTGTAG~GTAGTTCCCGCTCGAC~ 
AEDMSLYVHRPSVTDPTAAPKGDDTFYVLSPVPNLGFDNG 
CCGAGGACATGAGCCTTTATGTCCACCGTCCCTCGGTCACTGA~CCGACCG~GGCGCCGAAAGGCGACGACACCTTCTACGTGCTTTCGCCGGTGCCG~CCTCGGCTTCGAC~TGGCG  3736 
GGCTCCTGTACTCGGAAATACAGGTGGCAGGGAGCCAGTGACTAGGCTGGCGCCGCGGCTTTCCGCTGCTGTGG~GATGCACGAAAGCGGCCACGGCTTGGAGCCG~GCTGTTACCGC 
VDWSVEAEKYKAKVLKVIEERLLPGVAEKITEEVVFTPET 
TGGACTGGTCGGTCGAGGCCGAGAAATAC~GGCC~GGTGCTGAAAGTGATCGAGG~GGCTGCTT~GGGTTGCCGAAAAGATCAC~GAGG~GTGGTCTTCACGCCGGAAACCT  3856 
ACCTGACCAGCCAGCTCCGGCTCTTTATGTTCCGGTTCCACGACTTTCACTAGCTCCTTGCCGACG~GGCCCCC~CGGCTTTTCTAGTGGCTCCTTCAC~AG~GTGCGGCCTTTGGA 
FRDRYLSPLGAGFSLEPRILQSAWFRPHNASEEVDGLYLV 
TcCGCGACCGTTATCTCTCGCCGCTGGGCGCGGGCTTCTCGCTGG~CCGCGGATCCTGC~TCGGCCTGGTTCCGCCCGCAT~CGCCTCGG~GAGGTGGAcGGGCTTTATCTGGTCG  3976 
AGGCGCTGGC~TAGAGAGCG~GACCCGCGCCCG~GAGCGACCTTGGCGCCTAGGACGTTAGCCGGACC~GGCGGGCGTATTGCGGAGCCTTCTCCACCTGCCCGAAATAGACCAGC 
GAGTHPGAGVPSVIGSGELVAQMIPDAPKPETPAAAAPKA 
GCGCGGGCACCCATCCGGGCGCCGGTGTGCCCTCGGTGATCGGCTCGGGCGAGCTTGTCGCGCAGATGATCCCGGATGCGCCG~GCCCGAGACCCCCGCGGCGGCTGCGCCC~GGCCC  4096 
CGCGCCCGTGGGTAGGCCCGCGGC~ACACGGGAGCCACTAGCCGAGCCCGCTCG~CAGCGCGTCTACTAGGGCCTACGCGGCTTCGGGCTCTGGGGGCGCCGCCGACGCGGGTTCCGGG 
crtB  ---> 
MIAEADMEVCRELIRTGSYSFHAASRVLPARV 
RTPRAKAAQ,.  ............  > 
GGACGCCCCGGGCC~GGC~CGC~TGATCGCCG~GCGGATAT~AGGTCTGCCGGGAGCTGATCCGCACCGGCAGCTACTCCTTCC~GCGGCGTCCAGAGTTCTGCCGGCGCGGGT  4216 
CCTGCGGGGCCCGGTTCCGCCGCGTTACTAGCGGCTTCGCCTATACCTCCAGACGGCCCTCGACTAGGCGTGGCCGTCGATGAGG~GGTACGCCGCAGGTCTC~GACGGCCGCGCCCA 
RDPALALYAFCRVADDEVDEVGAPRDKAAAVLKLGDRLED 
<  ........... 
CCGTGACCCCGCGCTGGCGCTTTACGCCTTTTGCCGCGTCGCCGATGACG~GTCGACGAGGTTGGCGCG~cGCGCGAC~GGCTGCGGCGGTTTTGAAACTTGGCGACCGGCTGGAGGA  4336 
GGCACTGGGGCGCGACCGCGAAATGCGGAAAACGGCGCAGCGGCTACTGCTTCAGCTGCTCC~CCGCGCGGCGCGCTGTTCCGACGCCGCCAAAACTTTG~CCGCTGGCCGACCTCCT 
IYAGRPRNAPSDRAFAAVVEEFEMPRELPEALLEGFAWDA 
CATCTATGCCGGTCGTCCGCGC~TGCGCCCTCGGATCGGGCTTTCGCGGCGGTGGTCGAGG~TTCGAGATGCC~GCG~TTGCCCGAGGCGCTGCTGGAGGGCTTcGCCTGGGATGC  4456 
GTAGATACGGCCAGCAGGCGCGTTACGCGGGAGCCTAGCCCGAAAGCGCCGCCACCAGCTCcTT~GCTCTACGGCGCGCTT~CG~CTCCGCGACGACCTCCCG~GCGGACCCTACG 
EGRWYHTLSDVQAYSARVAAAVGAMMCVLMRVRNPDALAR 
CGAGGGGCGGTGGTATCACACGcTTTCGGACGTGCAGGCCTATTCGGCGCGGGTGGCGGCCGCCGTCGGCGCGATGATGTGCGTGCTGATGCGGGTGCGC~CCCCGATGCGCTGGCGCG  4576 
GCTCCCCGCCACCATAGTGTGCGAAAGC~TGCACGTCCGGAT~GCCGCGCcCACCGccGGCGGCAGCCGCGCTACTACACGCACGACTACGCCCACGCGTTGG~CTACGCGACCGCGC 
ACDLGLAMQMSNIARDVGEDARAGRLFLPTDWMVEEGIDP 
GGCCTGCGATCTCGGTCTTGCCATGCAGATGTCG~CATCGCCCGCGACGTGGGCGAGGATGCCCGGGCGGG~GGCTTTTCCTGCCGACCGACTGGATGGTCGAGGAGGGGATCGATC~  4696 
CCGGACGCTAGAGCCAG~CGGTACGTCTACAGCTTGTAGCGG~GCTGCACCCGCTCCTACGGGCCCGCCCCGCCGAAAAGGACGGCTGGCTGACCTACCAGCTCCTCCCCTAGCTAGG 
QAFLADPQPTKGIRRVTERLLNRADRLYWRAATGVRLLPF 
GCAGGCGTTCCTGGCCGATCCGCAGCCCAcC~GGGCATCCG~CGGGTCACCGAG~GGTTGCTG~CCGCGCCGAcCGGCTTTACTGGCGGGCGGCGACGGGGGTGCGGCTTTTGCCCTT  4816 
CGTCCGC~GGACCGGCTAGGCGTCGGGTGGTTCCCGTAGGCGGCCCAGTGGCTCGCC~CGACTTGGCGCGGCTGGCCGAAATGACCGCCCGcCGCTGCCCCCACGCCGAAAACGGG~ 
DCRPGIMAAGKIYAAIGAEVAKAKYDNITRRAHTTKGRKL 
TGACTGCCGACCGGGGATCATGGCCGcGGGc~GATCTATGCC~GATcGGGGCCGAGGTGGCG~GGCGAAATACGAC~CATCACcCGGCGTGCCCACACGACC~GGGCCGC~GCT  4936 
ACTGACGGCTGGCCCCTAGTACCGGCGCCCGTTCTAGATACGGCGCTAGCCCCGGCTCCACCGCTTCCGCTTTATGCTGTTGTAGTGGGCCG•ACGGGTGTGCTGGTTcCCGGCGTT•GA 
WLVANSAMSATATSMLPLSPRVHAKPEPEVAHLVDAAAHR 
GTGGCTGGTGGCG~TTCCGCGATGTCGGCGACGGCGACCTCGATGCTGCCGCTCTCGCCGCGGGTGCATGCC~GCCCGAGCCCG~GTGGCGCATCTGGTCGATGCCGcCGCGCATCG  5056 
CACCGACCACCGCTT~GGCGCTACAC~CGCTGCCGCTGGAGCTACGACGGCGAGAGCGGCGCCCACGTACGGTTCGGGCTCGGGCTTCACCGCGTAGACCAGCTACGGC~CGCGTAGC 
NLHPERSEVLISALMALKARDRGLAMD.,. 
.......... >  <  .......... 
C~CCTGCATCCCG~CGGTCCGAGGTGCTGATCTCGGCGCTGATGGCGCTG~GGCGCGCGACCGCG~CTGGCGATGGATTGAGGCCGCGACGGTTCGTCACTGGACGTGCGCGCGCC  5176 
GTTGGACGTAGGGCTTGCCAGGCTCCACGACTAGAGCCGCGACTACCGCGACTTCCGCGCGCTGGCGCCGGACCGCTACCT~CTCCGGCGCTGCC~GCAGTGACCTGCACGcGCGCGG 
crtK  ---> 
MSLTLFAVYFVACACAGATGAIFSPGA 
CCGGGTCCAC~CGGGGCGTGTCCAC~cCGGAGGCcATGATGAGCCTGACTCTCTTTGCCGTCTATTTCGTCGCCTGCGCCT~GCGGGCGCGACCGGAGCGATCTTCAG~CCGGCGC  5296 
GGCCCAGGTGTTGCCCCGCACAGGTGTTGGCCT~CGGTACTACTC~ACTGAGAGAAACGGCAGATAAAGCAGCGGAcGCGGAcGCGCCCGCGCTGGCCTCGCTAG~GTC~GGCCGCG 
WYDSLKKPSWVPPNWLFPVAWSTLYILMSISAARVSGLAM 
ATGGTATGACAGCCTG~GAAACCGAGCT~GTGCCGCCG~CTGGCTGTTTCC~GTCGCCT~TCCACGCTTTAcATCCTGATGTCGATTTCGGCGGCGCGGGTATCCGGGCT~CGAT  5416 
TACCATACTGTCGGACTTCTTTGGCTCGACCCACGGCGG~TTGACCGAcAAAGGGCAGCGGACCAGGTGCGAAATGTAGGACTACAGCTAAAGCCGCCGCGCCCATA~CcCGACCGCTA 
259 
Fig. 3 (continued) ENELAVLGLAFWAVQIAVNTLWTPIFFGLHRLAGGMLVLV 
GGAAAAcG~cTGGCC~GcTGGGT~TGGCCTTCTGGG~GGTGcAGATCGcGGTC~CACGCTTTGGAcGCCGATcTTCTTCGG~CTG~ACCGGcTG~G~cGGGATGCTGGTTCTGGT  5536 
CCTTTTGCTTGAcCGG~ACGAC~CAGACCGG~GACCcGCCACGT~TAGCG~CAGTTGTGCGAAACCTGCG~TAG~G~G~CGGACGTGGCCGACCGCCCGCCCTACGACC~GACCA 
LLWLSVFATCVLFWSVDWLSGLMFVPYVIWVTVAGALNFS 
G~TTTTGT~TGAGCGTCTTTGC~Ac~T~GTCCTGTT~TG~GcGT~GAcTG~T~TCGGGGCTGATGTTCGTGCcCTATGTGATCTGGGTGACGGTG~CGGG~GCTG~TTTcAG  5656 
~GAAAACACCGACTCGCAGAAAcGGTGGAcGCA~Ac~GACC~c~AGCTGACCGAGAGcCC~GACTAC~GCACGGGATACACTAGACCCAcTGCCAC~GGC~CCG~GAcTTAAAGTC 
VWRLNPGEKPITL  .................  •  <  .............. 
CGTCTGGCGGCTC~TCCGGGCGAAAAGCCGATCAcG~TTTGATCTGCTGATCCTGGTGTGACCGAGGcCATCG~CTCGGTCATGCGC~cCTTTCCCCGGGGCCGC~GAGGGCcCAAAG  5776 
GCAGACCGCCGAGTTAGGCcCGcTTTT~GG~TAGT~GAAACTAGACGAcTAGGACCACACTG~TCCGGTAGCGGAGCCAGTACGcGTTGGAAAGGGGCCcCGGCGGCTCCcGGGTTTC 
GCACTCGGCcAGCGcCcG~CCCGCCCATG~GGGCGCTTCTcGCCCGCCGGGAC~GCGcTGGcCTCTGTTGTGcTT~GGAGGCGGT~TTG~GGATGCGTcGcGCGGcGGGCGGGGAAA  5896 
CGTGAGCC~TC~GCGGGGCGGGTACCGCCCGCG~GAGCGG~GGCCCT~CCGCGACCGGAGAC~CACG~CCccTC~GCCAG~CGCCTACGCAGCGCGCCGc~CGCCCCTTT 
.......................  >  <  ....................... 
AGCGGTGCTTTTCCTGATCCGCcCGAAACGGACGATTTcAGTCCTTGTGCTTCCACCCGGCCCGGcGCGGCACCCGcA~GGCCAGCATCGGCTTCAGCACcGGCTGGcGG~C~GcACcA  6016 
TCGcCACGAAAAGGACTAGGCGGGCTTTGCcTGCTAAAGTCAGG~cACGAAGGTGGGCCGGGCCGCGCCGTGG~GTGCCGGTCGTAGCCG~GTCGTGGC~GACCGCCTTGGCGTGGT 
"''DKHKWGARRPVRVALMPKLVPQRFRVL 
GATCGAGCGCCTCGTGCATGCCCACCGTTTCCTCGCCGTcGATcTGCGTGCGCATcAGCGCGCGGG~TAG~GGGcGCCTCCA~AGCG~TAGAcCCCGGCCGGATGcGCCCcCGcAT  6136 
CTAGCTCGCGGAGCACGTACGGGTGGCAAAGGAGCGGCAGCTAGACGCA~GCGTAGTCGCGC~CCTTATCTTcC~GC~AGGTCGTCGCTTATCTGGGGCCGGCCTACGCGGG~CGTA 
DLAEHMGVTEEGDIQTRMLARSYFPAELLSYVGAPHAGAD 
CGCAGCGCGTTTCACGcCGCACG~CcA~GCGTGc~TTCATCTTCAC~A~GGCGGAGGG~TGTCGATCTCGCAGACCGAC~CGTCCGGGTTGATCTGCACGGCGAGcGCCAcCTTGG  6256 
GCGTCGCGCAAAGTGCGGCGTGCTTGGTCCCG~ACGcG~GTAG~GTGGTCCCCGCCTCCCGACAGCTAGAGCGTCTGGCTGGG~AGGC~C~CTAGACGTGCCGCTCGcGGTGG~CC 
CRTERRVFWPTRKMKVLPPPSDIECVSGDPNIQVALAVKT 
TCCGGTCC~CCGCGTc~ATCGTAAAAACAGACCGTTCGATCCTTCAGCGGG~cCGCCccCAGGTCCAG~CGAG~GTCTTCCTC~AGCGCGCGGGTGCCGAAATTGGCGTCGAAAT  6376 
AGGCCAGGTT~CGCA~GTAGCATTTTTGTcTGGC~GCTAGG~GTCGCCCTTGGCGGGGGTCCAGGTCTTGCTCTTCAG~GGAGGTCGCGCGCCCACGGCTTT~CCGCA~TTTA 
RDLRTADYFCVTRDKLPFRGWTWFSFDEELARTGFNADFY 
AGCCGTGTCCGGTCCATTTGTGCCCGGGCGCCAGATCGACCTCGACATcGGCGATGGGCGCGAAAGGCCGCCAGGTGTGGCCCGCATCCGGCGTCAGC•GCACCTCGAcC•CGGTCACCG  6496 
TcGGCACAGGCCAGGTAAACACGGGCCCGCGGTCTAGCTGGAGCTGTAGCCGCTACCCGCGCTTTCCGGCGGTCCACACCGGGCGTAGGCCGCAGTCGGCGTGGAGCTGG~CCAGTGGC 
GHGTWKHGPALDVEVDAIPAFP.  RWTHGADPTLRVEVGTVA 
CGCGCGGcGTCAG~AcGACCCGGCCcTTGAGCTTGCCCAG~TTCGGCAAAGC~CCCCATT~GT~cGTCGATCACCAGCTCCTTGCCGGTCcAGGTCAGCTTCGACGGCCCGACcTG~  6616 
GCGcGCCGcAGTCGTGCTGGG~GGG~cTCG~CGGGTCG~cGTTTCGGGGGGT~GcAGTTGcAG~TAGTGGTCGAGG~CGG~CAGGTCCAGTCG~GCTGCCGG~TGGACTT 
RPTLVVRGKLKGLKPLAGWEDVDIVLEKGTWTLKSPGVQF 
AGCTGTCGCGCGACTGCcGCAGCGCAGACCGG~ccCGGTC~TCATCGTG~GCGCcCATCAGTGCCGGTCGTCACCATGTTGA~GCAGCAGTGATTTTGCGGCTCGCGAcGAcCCGACC  6736 
TCGACAGCGcGcTGAcGGCGTcGCGTCTGG~GGGGCCA~CAGTAGCACTT~GC~GTAGTCACGGCCAGCAGTGGTAc~cTACGTCGTCACTAAAACGCCGAGCGCTGCTGGGcTGG 
SDRSQRLASRGRDTMTFRGDTGTTVMNICCHNQPERRGSW 
AGCGATACCACGGGCTG~GACCGAGCCGATG~GGcGATCATCGAG~GGCCTTTTCGCCGTcGTcGGAGATGC~GTCGC~TAcCACCAG~GTAGC~GTTCGGCCcTACTTCGCGGc  6856 
T~GCTATGGTGCCCGACTTCTGGCTCG~TACTTC~GCTAGTAGCTCTTCC.~i~AAAAGCGGcAGCAGCCTCTACGGCAGCGTTATGGTGGTCCGcATCG~GCCGGGATG~GcGCCG 
RYWPSFVSGIFAIM  "°'KAA 
<---  crtC 
GGAAATCCGGTC~GCCAGC~GGCCCGTG~TGCATGCGTCCCGG~GTCAGcGCCATGGGCACCCCGGCACC~GTGCGTTCCCCCAcCCG~CAGATAAAGCc~CTTGA~CCCGTCCG  6976 
CCTTTA~CCAGGcGGTCGTTcCGGGCACGACGTAcG~AGGGcCTTCAGTC~GGTAC~CGTGGGGcCGTGGGCCCACGC~G~GGTGGGCGGTcT~TTCGGGG~CTc~GGcAGGc 
SIRDALLARAAHTGSTLAMPVGAGPHTGGGALYLGKLGTR 
CGCCAGAGGccGCCGG~GGTCGCCAG~GTCccCTCCGGcGAGcCGcCGTAGATCGC~CcCAGCGAG~CCGGG~CCGCCGCGACAGCAGcGCCG~GTCGTcAGCGC~cG~TTTCCGG  7096 
GC~TCTCCGGC~CCTTCCAGCGGTcGCAG~GAGGcCGcTCGGCGGcATcTA~GGGGGT~GCTCGGGCCcTTGGC~cGCTGTCGTCG~GGCCGCAGcAGTCGCGGGCCCAAAGG~C 
ALPRRFTALTGEPSGGYIAGLSGPFRRSLLAPTTLARTEP 
GTCCGG~TG~GGTCAGTCCCATCGCGGcGAGCATCGGG~GGTGCGTGCCCTGCATTGTGCCTCCTCcTGAGGAAA~GTTGATGGcCTGCCGGGCCGTTCATGATGATTTcAAAGCG  7216 
CAGGCcCGACTTCcAGTCAGGGTAGCGcCGCT~GTAGCccTTCCACGCACGGGACGT~cACG~G~GGACTCCTTTCcC~CTAc~GGACGGCcCGGC~GTACTAcTAAAGTTTCGC 
DPSFTLGMAALMPFTRARCQAEEQPFPQHGAPGMNIIEFR 
TTCGATTTCCGGcACCGGGGCCTGCATCTcGCGGTCCTGCGCACAGATGTAAAG~GTCGGTTCCTCG~CATCTCGCCCGC~CGATGG~ccG~TTCCAGCTCCGGATCGGCGGTG~  7336 
~TAAAGGC~GTG~CCCGGACGTAGAGcGc~A~AcGCGTGTcTACATTTCGCAGCC~AGCCCGTAGAGCGGGCGCGGCTAC~CGGGCTT~GGTCGAGGCCTAGc~GCCACTT 
EIEPVPAQMERDQACIYLTPEEPMEGAGIPGFELEPDATF 
G~GAcGTTGTGATGCGCGAGGTC~C~CGATC~GGTG~GC~AAAGGCC~GAC~CAGGCGGAAAGACTGG~GCG~GGGGCGATTTCTCCATC~C~GGGCGGCATcGCC  7456 
CTTCTGc~CACTACGCG~TccAGTTGcGGCTAGCCCcAc~G~TTT~CGGGTCT~GTCcGC~TTTCTGACCCcCGC~cC~CCCGCTAAAGAGGTAGCTccG~GC~CGCCGTAGCGG 
FVNHHALDVGIPTAGFAWVWASLSPAPRPSKEMSARAADG 
~AG~GCcCGT~GCG~C~CCCcGGAT~GCCGTTG~GATGcAGGCGC~GCAG~GATCGAGACGCCGGTCTCGATCTCGACCGCGGTGACCCGGCCTTCCTTGC~ACGATGcG~TT  7576 
GTCTTCGGGCAG~GCGTTGC~GG~TAGC~c~CTTCTACGTCCGCGGCGTC~CCTAGCTcTGCGGCCAGAGCTAGAGCTGGCGCCACTGGGCCGG~GG~CGCGTGCTAcGCG~ 
LLGDRLAGPDGNFICAGCPISVGTEIEVATVRGEKRVIRK 
GGCCTTG~GCCGT~TGG~C~AC~CCTTC~TCGGCCACC~GGGCCAGcGC~c~c~CGccATGCAT~CCCTC~GGATcGCcCAGAC~cCTG~CcT~GGCCTGCCAGAT  7696 
CC~cCG~GGCATTAcCTT~cGTGc~GAAGC~AGCCGGTG~CCCGGTCGcGCCGCCGTTGCGGTACGTAGGGGAGCGCCTAGCGGGTcTGCGGGACTTGGAGCCGGACGGTCTA 
AKAGYHFRVGKAEAVRALAAAVGHMGERIAWVGQVEAQWI 
CAGcGAGA~ACCGcGGGCGTCGCCCccG~CGGCCGCCGACATA~Tc~ATAGCGGCCG~GAGCTGC~CAGcCGCGGATcCTTG~GTGATGGGCGAGCAGGTCGCGcATCGTCAG  7816 
GTCGCTCTCGTGGCGCCCGCAGCGGGGGCCTGCCGGCGGCTGTATCCAGCGTATC~CGGCTTCTCGACGCGGT~GGCGCCTAGG~cTTCACTACCCGCTcGTCCA~GTAGCAGTC 
LSLVAPTAGPRGGVYTAYRGFLQALRPDKFHHALLDRMTL 
cCCGGG~AGCGCGGGCCAAAGCTGC~CCGCGTCACCGT~CCG~GGCGATTCGCCAAAGATCCGGCTTCGGCGCCGCGAT~A~CGA~GGTGG~CGCCTCCCACAGCCCCGTCGT  7936 
GGGcCCC~GTC~Gc~CGGTTTCGAC~CGGCGCAGTGGCACCGGCGCCGCT~GCGGTTTCTAGGCCG~GCcGC~CGCTAGTGGCTCGCCACCTTGCGGAGGGTGTCGGGGcAGCA 
GPRLAPWLQPRTVTAAAIRWLDPKPAAIVSRHFAEWLGTT 
CAGGTGATCG~GcGGCGG~TGCCGcAGCTT~CTTGTCGC~CGCAAAGGCCCGGATC~CTCGATATTGGcTTcGGTGTCGGTG~cAGATCGAGGCTGGAGCCGTCG~CCAGAAATG  8056 
GTCCAcTAGCTTCGCCGCCTTACGGCGTcG~GG~cAGCGGGCGTTTCCGGGCCTAGcGGAGcTAT~CCG~GCCACAGCCACTTGTCTAGCTcCGAccTC~CA~CGGTcTTTAC 
LHDFRRFAAAEKDGAFARIAEINAETDTFLDLSSGDPWFH 
CCGGGCG~TCGGGG~AG~GATCAGCGTCAGATGTTC~TCGGcCcGGGTGCCGCAGGC~CAAAGAGCGCGTCCAG~CATGCCG~ATCGT~GACCGTGGGCCCCGTATCCGCAGG  8176 
GGCC~GCTCAGcCCcGTcCCcCTAGTC~AGTCTAC~A~CGGGcCCAcGG~GTCCGc~GTTTCTCGCGcAGGTCTTGTACGGCGTAGCAGTTCT~cAcCc~GGCATA~cGT~C 
RALRPLPILTLHEEARTGCAAFLADLVHRMTLVTPGTDAP 
Fig. 3 (continued, for legend see page 258) CCCGCCGGGGGTCGG~CCGCCCGCGCCTT~GCCCG~GCATC~CCGCCTC~CCACCGTGACCCG~GGCCCGCCG~CGCCGCACCGATGGCGGCC~GGCCCCCCATTCTGGC  8296 
GGGCGGCCCCCAGC~TTG~GGGCGCGG~CGGCGG~CCCGTAGCGGGCGGAGTTGGTGGCACTG~TTCCGGGcGGCGGCGGCGTGGCT~C~C~CGTTCCGGGGGGT~GACCG 
GGPTPVARAKGGPADGAEVVTVRLGAAAAGIAAALGGMRA 
~CGATCAcCACGACGTCCGTTTCACTcCGCATCGCTCGCTCCCGCACGCACcGCCGTCCGCACCCCCCCGGGAGTGC~TTTTGTCCCATATTCTTGGGTGT~GTTTCAGTTTACACA  8416 
+~+++  ++++++ 
CGGCTAGTGGT~TGCAGGCAAAGTGAGGCGTAGCGAGCGAGGGCGTGCGTGGCGGCAGGCGTGGGGGGGCCCTCACGTTAAAACAG~TAT~G~CCCACATTCAAAGTCAAATGTGT 
G  I  V  V  V  D  T  E  S  R  M  ****** 
<---  crtD  -i0 
crtE  ---> 
MSLDKRIESALVKALSPEALGESP 
~TAGGTGCG~TGCC~TGTGCGTCGTGACGCAGCGGAGGGCTCTGTCATGTCTCTGGATAAACGTATCGAGTCG~GCTGGTC~GGCGCTGTCACCCGAGGCTTTGGGTGAATCTCC 8536 
CCATCCACGCTTACGGTTACACGCAGCACTGCGTCGCCTCCCGAGACAGTACAGAGACCTATTTGCATAGCTCAGCCGCGACCAGTTCCGCGACAGTGGGCTCCGAAACCCACTTAGAGG 
****** 
-35 
PLLAAALPYGVFPGGARIRPTILVSVALACGDDCPAVTDA 
GCCGTTGCTTGCCGCC~GCT~CTTACGGGGTGTTTCCCGGCGGCGCGCGGATCCGGCCGACGATCCTTGTCTCGGTCGCGCTCGCCTGTGGCGACGATTG~CCGGCGGTCACCGATGC  8656 
CGGc~CG~CGGCGGCGCGACGG~TGCC~CAcAAAGGGCCGCCGCGCGCCTAGGCCGGCTGCTAGG~CAGAGCCAGCGCGA~GGACACCGCTGCT~CGGGCCGCCAGTGGcTACG 
AAVALELMHCASLVHDDLPAFDNADIRRGKPSLHKAYNEP 
CGCGGCCGTGGCGCTGGAGCTGATGCATTGCGCGAGCCTCGTGCATGACGATCTGCCcGCCTTCGAC~TGCCGACATCCGGCGCG~GCCGAGCCTTCAC~GGCCTAT~TG~CC  8776 
GCGcCGGCACCGCGACCTCGACTACGT~CGCGCTCGGAGCACGTACTGCTAGACGGGCGG~GCTGTTACGGCTGTAGGCCGCGCCGTTCGGCTCGG~GTGTTCCGGATATTACTTGG 
LAVLAGDSLLIRGFEVLADVGAVNPDRALKLISKLGQLSG 
GCTTGCGGTTCTGGCGGGCGACAGCCTGCTGATCCGCGGCTTCG~GTGCTGGCCGATGTCG~GCCGTC~CCCGGACcGGGCGCTG~GCTGATCTCGAAACTGGGTCAG~TGTCGGG  8896 
CG~CGCC~GACCGCcCGcTGTCGGAcGACTAGGCGCCG~GCTTCACGACCGGCTACAGCCGCGGCAGTTGGGCCTGGCcCGCGACTTCGACTAGAGCTTTGACCCAGTcGACAGCCC 
ARGGICAGQAWESESKVDLAAYHQAKTGALFIAATQMGAI 
GGCGCGCGGCGGGATCTGCGCCGGTCAGGCCTGGGAAAGCG~TCC~GGTCGATCTGGCCGCCTATCATCAGGCG~GACCGGGGCGCTGTTCATTGCCGCGACCCAGATGGGGGCGAT  9016 
CCGCGCGCCGcCCTAGACGCGGCCAGTCCGGACCCTTTCGCTTAGGTTCCAGCTAGACCGGCGGATAGTAGTCCGCTTCTGGCCCCGCGAC~GT~CGGCGcTGGGTCTACCCCCGCTA 
AAGYEAEPWFDLGMRIGSAFQIADDLKDALMSAEAMGKPA 
TGCGGC~GCTACGAGGCCG~cCCTGGTTcGATCT~GCATGCGGATCGGCTCGGCCTTCCAGATCGCCGACGACCTGAAAGACGCGCTGATGTCGGCCGAGG~TGGGC~GCcCGC  9136 
ACGCCGCCCGAT~TCCGGCTTGGGACC~GCTAGACCCGTAC~CTAGCCGAGCCGG~GGTCTAGCGGCTGCT~ACTTTCTGCGCGACTACAGCCGGCTCCGTTACCCGTTCGG~G 
GQDIANERPNAVKTMGIEGARKHLQDVLAGAIASIPSCPG 
CGGGCAGGAcATCGCG~C~CGCCCG~TGCGGTC~GACGATGG~CATC~GG~CGCGCGCAAACATCTGC~GATGTGCTGGCGGGGGCGATCGCCTCGATCCCGTCCTGCCCC~G  9256 
GCCC~TCCTGTAGCGCTTGCTT~GGGCTTACGCCAGTTCTGCTACCCGTAGCTCCCGCGCGC~TTT~TA~ACGTTCTACAC~CCGCCCCCGCTAGCG~AGCTAGGGCA~GACGGGGCC 
crtF ---> 
EAKLAQMVQLYAHKIMDIPASAERG,,-MPKDDHTGATADR 
TGA~CG~GCTGGCCCAGATGGTGCAGCTTTACGCCCAc~GATCATGGACATCCCGGCCAGCGCCG~AGGGGCTGATCGTG~G~ACGACCACACGGGC~GACGGCCGACCGG  9376 
ACTCCGCTTcGAC~GGGTCTACcACGTCGAAATGCGGGTGTTCTAGTACCTGTAGGGCCGGTCGcGGCTCTCCCCGACTAGCACGGCTTCCTGCTGGTGTGCCCGCGCTGC~CTG~C 
TAQPTGTGKQPLVPGQPGAAPVQPGRVNFFTRIALSQRLH 
ACCGC~A~CGACAGG~cGGGAAAGCAGCCGCTGGTTCCGGGCCAGCCCGGGGCGGCGCCGGTGCAGCCGGGGCGGGTG~TTTCTTCACCCGGATCG~GCTGTCGC~CGGCTGCAT  9496 
TGGCGCGTCGGCTGTCCTTGCCCTTTCGTCGGCGAcC~GGCCCGGT~GGGCCCcGCCGCGGCCACGTCGGCCCCGCCCACTTAAAGAAGTGGGCCTAGCGcGAcAGCGTTGCCGACGTA 
EIFERLPLMNRVTRREGEALFDIVSGFVQSQVLLAIVEFR 
GAAATCTTCG~CGCCTGCCGCTGATG~CcGCGTcACCCGGCGCGAGG~GAGGC~TcTTCGACATCGTTTcGGGCTTCGTGCAAAGCCAGGTTCTC~TGGCGATCGTCG~TTCCGG  9616 
CTTTAG~GCTTGCGGACGGCGACTACTTGGCGCAGTGGGCCGCGCTCCCGCTCCGCGAG~GCTGTAGCAAAGCCCG~GCACGTTTCGGTCC~GAG~CCGCTAGCAGCTT~GGCC 
VLHILAGASWPLPQLAERTGLAEDRLAVLMQAAAALKLVK 
GTGcTGcATATTCTGGCCGGGGCCTcTTGGCCCTT~CGC~CTGGCCG~CGCACCGGCCTGGCCGAGGACCGGCTGGCGGTGCTGATGCA~CCGCCGCCGcCTTG~GCTGGTGAAA 9736 
CACGAcGTAT~GACCGGCCCCGGAG~CCGGG~CGGCGTTGAcCGGCTTGcGTGGCCGGACcGGCTCCTGGCCGACCGCCACGACTACGTCCGGCGGCGGCGG~CTTCGACCACTTT 
FRRGLWQLAPRGAAFITVPGLEAMVRHHPVLYRDLADPVA 
TTCCGcCGCGGTCTGTGGCA~TTGCCCCGCGTGGCGCCGCCTTCATCACCGTGCCAGGGCT~GAGGCGATGGTGC~CATCACCCCGTCCTTTACCGCGATCTGGCCGATCCGGTGGCT  9856 
~GGC~C~CAGACACCGTCG~CGGGGCGCAcCGCGGCGG~GTAGTGGCACGGTCCCGAGCTCCGCTACCACGC~TAGTGG~CAGGAAATGGCGCTAGACCGGcTAGGCCACCGA 
FLKGDIEPELAGFWPYVFGPLAQEDAGLAERYSQLMADSQ 
TTTCTGAAAGGCGACATCG~CCCGAGCTGGCGGGCTT~TGGCCCTATGTCTTCGGGCCGCTGGCGCAGG~GATGC~GGCTCGCCGAGCGCTATTCGCAGCTGATGGCCGACAGCCAG  9976 
AAAGAcTTTcC~TGTAGCTT~GCTCGACCGCCCG~GACCGGGATACAG~GCCCG~GACCGCGTCCTTCTACGCCCCGAGCGGCTCG~GAT~GCGTCGACTAcCGGcTGTCGGTC 
RVVADDTLRLVDLRDAKRVMDVGGGTGAFLRVVAKLYPEL 
CGCGTCGTGGCCGATGA~ACCTT~GGCTTGTCGATcTGCGCGATGCC~GCGGGTGATGGATGTGGGCGGC~CAcCGGGGCCTTCCTGCGCGTCGTG~C~GCTTTACCCCGA~TG  10096 
GCGCAGCACCGGCTACTGTGG~CGCCG~CAGCTAGAC~GCTACGGTTCGC~CACTACCTACACCCGCcGcCGTGGCCCCGG~GGACGCGCAGCACCGGTTCGAAATGGGGCTCGAC 
PLTLFDLPHVLSVADRFSPKLDFAPGSFRDDPIPQGADVI 
CCCTTGACGCTGTTCGACCTGCCGCATGTGCTGTCGGTG~GGACcGCTTCAGCCCG~GCTCGATTT~GCGCCGGG~AGcTTCCGCGACGATCCGATCCCGCAGGGCGCCGATGTCATC  10216 
GGG~CTGCGAC~GCTGGACGGCGTACACGAcAGCcACCGCCTGGcG~GTCGGGCTTCGAGCTAAAGCGCGGCCCGTCG~GGCGCTGCTAGGCTAG~CGTCCC~GGCTACAGT~ 
TLVRVLYDHPDSVVEPLLAKVHAALPPGGRLIISEAMAGG 
ACTTTGGTGcGCGTGCTGTATGACCATCCTGACAGCGTCGTCG~cC~TTCTGGCC~GGTGCAT~CGCCTTGCCGCCGGGcG~cGTCTGATCATCTCGGAGGCGAT~C~GGGGC 10336 
TGAAACCACGCGCACGACATACTGGTAGGACTGTCGCAGCAGCTTGGCG~GACCGGTTCCACGTACGGCGG~C~CGGCCCGCCCGCAGACTAGTAGAGCCTCCGCTACCGCCCCCCG 
AKPDRACDVYFAFYTMAMSSGRTRSPEEIKQMLEKAGFTK 
GCAAAACCCGACCGTGCCTGCGATGTCTATTTCGCCTTcTACACGATGGCGATGAGTTCGGGGCGcACGCGTTcCCCCG~GAGAT~GCAAATGCTTGAAAAAGCTGGGTTCACC~G  10456 
CGTTTTGGGCTGGCACGGACGCTAcAGATAAAGCGG~GATGTGCTACCGCTAcTC~GCCCCGCGTGCGC~GGGGGCTTCTCTAGTTCGTTTACG~CTTTTTCGACCC~GTGGTTC 
VSKPRTLRPFITSVIEAERG... 
...............  >  <  ............... 
GTGTCGAAACCGCGGACCCTGCGCCCCTTCATCACCTCGGTGATCGAGGCCG~CGCGGCTGACACGGCT~GTTCGGACCCGGCTTTGAcCCGGGGGTCAGAAAGTCGCACATCCGTCT  10576 
CACAGCTTTG~GCCTG~AC~GGGG~GTAGTGGA~CACTAGCTCCGGCTTGCGCCGACTGTGCCGACGC~GCCTGG~CGAAACTGGGCCCCCAGTCTTTCAGCGTGTAGGCAGA 
-35  -i0  OlqF J  ---> 
******  ******  M 
GTCGCAAAAGTGTCT~TCAAATTGACAGTCGGGCGTGT~GTTC~TGATACACAcAGGCGTGAT~AGCcCGACTCTCCGGCCCGATCATACCG~AGc~GAAATG 10684 
+++++  +++++ 
CAGCGTTTTCACAGATTAGTTT~CTGTCAGCC~GCACATTC~GTTACTATGTGTGTCCGCACTAGTCGGGCTGAGAGGCCGGGCTAGTATG~CCTCGTTCTTTAC 
Fig. 3 (continued, for legend see page 258) 262 
Table 2. % Codon usage comparison 
other R. capsulatus  genes 
of the carotenoid genes and 
Amino acid  Codon  % in crt a  % in other b 
Phe  UUU  0.63  0.50 
UUC  3.4  4.1 
Leu  UUA  0.0  0.0 
UUG  0.79  0.35 
CUU  1.9  0.96 
CUC  1.2  2.4 
CUA  0.0  0.0 
CUG  6.1  4.9 
Ile  AUU  0.30  0.35 
AUC  3.7  5.4 
AUA  0.0  0.0 
Met  AUG  2.6  3.0 
Val  GUU  0.69  0.73 
GUC  3.2  3.7 
GUA  0.03  0.0 
GUG  3.8  3.3 
Ser  UCU  0.23  0.08 
UCC  0.59  0.50 
UCA  0.07  0.05 
UCG  2.5  2.6 
AGU  0.13  0.10 
AGC  1.1  1.2 
Pro  CCU  0.26  0.25 
CCC  2.6  1.8 
CCA  0.07  0.10 
CCG  4.0  3.6 
Thr  ACU  0.26  0.20 
ACC  2.6  3.5 
ACA  0.07  0.03 
ACG  2.1  1.2 
Ala  GCU  0.46  0.83 
GCC  5.5  5.6 
GCA  0.43  0.28 
GCG  6.3  4.4 
Tyr  UAU  1.0  1.3 
UAC  0.86  2.0 
Cys  UGU  0.10  0.10 
UGC  0.92  1.2 
Trp  UGG  2.0  2.4 
His  CAU  1.3  0.73 
CAC  1.0  1.5 
Gln  CAA  0.49  0.45 
CAG  1.6  2.4 
Asn  AAU  0.49  0.30 
AAC  1.2  2.7 
Lys  AAA  0.82  1.3 
AAG  3.2  3.0 
Asp  GAU  2.5  1.4 
GAC  3.6  3.7 
Glu  GAA  2.5  3.2 
GAG  3.2  2.5 
Arg  CGU  1.0  0.85 
CGC  3.4  3.3 
CGA  0.26  0.15 
CGG  2.9  1.1 
AGA  0.10  0.08 
AGG  0.07  0.13 
Table 2 (continued) 
Amino acid  Codon  % in crt ~  % in other b 
Gly  GGU  0.69  1.1 
GGC  4.9  6.0 
GGA  0.33  0.18 
GGG  2.4  1.3 
" crtA, crtB, crtC, crtD, crtE,  crtF,  crtI,  ertK (This  work; total 
3038 codons = 100%) 
b cycA (Daldal et al. 1986),fbcB, fbcC, fbcF (Gabellini and Sebald 
1986; Davidson and Daldal 1987), nifA copy I, nifB copy I (Mase- 
pohl et al.  1988), nifD, nifH (Schumann et al.  1986), pufA, pufB, 
pufL, pufM, puhA (Youvan et al. 1984  a), pufQ (Bauer et al. 1988), 
pucA, pucB (Youvan and Ismail 1985; total 3979 codons = 100%) 
A 
Gene  5'  3' Residues  MW 
crtA  t  cacaggGGAGGact gag  ATG  591  64761 
crib  ccgggccAAGGcGGcgca  ATG  339  37299 
crtC  ggcaaAAAGGcctt ctcg  ATG  281  31855 
crtD  tgcgtgcgGGAGcgagcg  ATG  494  52309 
crt~  gcagcGGAGGgct ctgt  c  ATG  289  30004 
crtF  cgccgaGAGGgGctgact  GTG  393  43004 
crtl  ggcgcaAAAGGtt acaag  GTG  491  54755 
art/f  ccacaaccGGAGGccatg  ATG  160  17607 
B  5,  AGAAAGGAGGTGAT..3' 
3'  HoUCUUUCCUCCACUA.. 5' 
Fig. 4A and B. Characteristics  of the crt gene translational initia- 
tion sites and gene products. (A) Sequences to the left of the ATG/ 
GTG start codons contain purine-rich stretches  (underlined),  in- 
cluding nucleotides matching the predicted  ribosome binding site 
(upper  case). The length of the gene product in amino acids  and 
its calculated molecular weight in daltons are given to the right. 
B shows the predicted  ribosome binding site (above)  as the DNA 
complement of the 3' end of the R. capsulatus  16 S rRNA (below) 
(Youvan et al. 1984b) 
garno 1974) and typical R. capsulatus codon usage, located 
in the appropriate regions of the ert gene cluster. Transla- 
tion of the  nucleotide sequence in any of the  alternative 
forward or reverse reading frames, with respect to a  given 
gene,  results in the  frequent appearance  of stop  codons; 
the few alternative ORFs which do have ribosome binding 
sites  show  atypical codon usage (data  not shown).  ATA, 
CTA and TTA are never found among the 3038 predicted 
crt  codons,  while  GTA  (Val)  appears  only  once,  within 
crtK (Table 2, Fig. 3). 
All of the translational starts proposed for the crt genes 
are  preceded  by purine-rich stretches  containing possible 
ribosome binding sites  (Fig. 4A)  showing strong comple- 
mentarity to  the  3'  end  of the  R. capsulatus  16 S  rRNA 
(Fig. 4B;  Youvan et al.  1984b).  The  start  codons  of all 
previously sequenced  genes known to  encode proteins in 
R. capsulatus  (Table 2)  are  preceded  by  similar ribosome 
binding sites. One exception to this is nifA copy I (Masepohl et al. 1988).  We note that a possible ribosome binding site, 
GAGG, is centered 10 bp upstream from the GTG encod- 
ing  Val-49  in  the  deduced  amino  acid  sequence  of NifA 
copy I. No ATG starts preceded by ribosome binding sites 
were observed for ORFs located in the regions genetically 
mapped to  crtF and  crtL  Possible  ribosome binding  sites 
followed by a GTG, however, exist for both of these genes 
(Fig. 4 A), leading us to propose that crtF and crtI use GTG 
for translational  initiation.  GTG start  codons  have been 
previously observed in about 8%  of E. coli genes (Stormo 
1986).  In addition, both the fbcF gene from R. capsulatus, 
encoding  the  Rieske  Fe-S  protein  of the  cytochrome bcl 
complex (Gabellini and Sebald 1986; Davidson and Daldal 
1987),  and the pueB  gene of Rhodobacter  sphaeroides,  en- 
coding the fl subunit of the LH-II antenna complex (Kiley 
and Kaplan 1987),  use GTG for translational initiation. 
Organization of the carotenoid gene cluster 
The crt genes must form at least four distinct operons be- 
cause of the inversions of transcriptional orientation which 
occur between ertA-crtI, crtK-crtC, and crtD-crtE (Fig. 2). 
crtA cannot be cotranscribed with the other crt genes be- 
cause  of its  divergent  orientation  at  one end  of the  gene 
cluster.  As  discussed  earlier,  mutations  in  the  5'  end  of 
crtA  yield  a  CrtA-  phenotype while  those  at  the  3'  end 
cause  a  Bchl-  phenotype,  suggesting that crtA is not co- 
transcribed  with  ORF  H,  although  the  promoter(s)  for 
ORF  H  may overlap crtA.  Groups  of genes which  could 
also  form operons  are  crt[BK,  crtDC and  crtEF.  ORF  J 
(Fig. 2), located downstream from crtF, may not be tran- 
scribed as part of an operon including crt genes (Armstrong, 
GA, unpublished). 
The coding regions of the crt genes are closely spaced. 
The maximum gap between adjacent genes (crtA and crtI) 
is 257 bp. Neighboring genes transcribed in the same direc- 
tion tend to be grouped very tightly.  In the most extreme 
case the TGA stop codon of crtI overlaps the putative ATG 
start of crtB. This situation is reminiscent of the three codon 
overlap between the  3' coding region of the R. capsulatus 
pulL gene and the 5' coding region of the pufM gene (You- 
van et al.  1984a).  An alternative crtB ATG start preceded 
by a  potential  ribosome binding  site is  found  at bp 4407 
(Fig. 3), in the same frame as our predicted start at bp 4122 
(Fig. 4A). The downstream ATG would eliminate the over- 
lap  with  crtL  Our  tentative  assignment  of the  upstream 
ATG as the crtB start codon is based on the conservation 
of codon bias between bp 4122-4407.  We cannot, however, 
rule out the possibility that the downstream ATG is used 
for translational initiation because either start codon would 
be consistent with the current genetic-physical mapping of 
crtB.  Absolute  confirmation  of the  deduced  amino  acid 
sequences  will  require  the  isolation  of  the  gene  prod- 
ucts. 
E. coli-like ~V°promoter sequences 
We have located three regions homologous to the aTo con- 
sensus promoter, TTGACA N~s-19 TATAAT (hi, any nu- 
cleotide)  used  by  the  major  RNA  polymerase  of E. eoli 
(McClure  1985).  The R. capsulatus sequences,  found 5' to 
ertI, crtD and ORF J, are compared to the canonical E. coli 
promoter in  Fig. 5.  Additional  nucleotides  in  the  spacer 
between the  -35  and  -10  regions  are also conserved in 
263 
-35  -I0 
2489  TTGtaA atcggaattgac-gacc  TATcAT..133bp..crtI 
8434  TTGgcA ttcgcacctacctgtg-  TAaAcT...?Tbp..crtD 
10599 TTGACA gtcgggcgtgtaagttc  aATgAT...S4bp..ORF  J 
TTGACA  N  15  -  19  TATAAT 
Fig.  5. Comparison of  sequences found 5"  to crt[,  crtD and ORF J 
with the E. coil  G  7° consensus promoter. The numbers at the left 
indicate  the  position  of  the 5" nucleotide  of  each sequence (Fig.  3). 
The distance  in  bp from each  putative  promoter  to  the  start  codon 
of  the  3'  gene  is  shown at  the  right.  The consensus E. co[i  promoter 
is shown below with the six most highly  conserved nucleotides 
underlined (McClure  1985). Putative  -35  and  -10  regions  are 
indicated in boldfaee,  and upper case letters show matches to the 
E. coli consensus.  Gaps (-)  were placed  between  these  regions 
to maximize the nueleotide alignment. Nucleotides which are abso- 
lutely  conserved  in  all  R. eapsulatus sequences  are indicated  by 
an asterisk 
the  R. capsuIatus  sequences.  An  optimal spacing of 17 bp 
is  observed between the  -35  and  -10  regions  in  E. coli 
(McClure 1985). The putative crtD and crtlpromoters show 
spacings of 16 bp, while the putative ORF J promoter has 
a  spacing  of  17 bp.  No  other  sequences  with  a  total  of 
nine or more nucleotide matches to the E. eoli a7o consen- 
sus promoter, including five of the six most conserved nu- 
cleotides  (Fig. 5),  were  found  within  the  ert gene  cluster 
(Fig. 2). We allowed a variable spacing of N~5-29 between 
the  -  35 and  -  10 regions for these homology searches, 
A  highly conservedpalindromic motif homologous to a 
recognition site for DNA-binding regulatory proteins 
We have identified a highly conserved palindromic nucleo- 
tide sequence, found four times in 5' flanking regions within 
the crt gene cluster. This motif occurs twice in the crtA-crtI 
5' flanking region, and once each in the crtD-ertE and ORF 
J 5' flanking regions (Fig. 2, 3). A search among other pub- 
lished R. capsulatus gene sequences (Table 2) also revealed 
the presence of this palindrome 5' to the puc operon (You- 
van and  Ismail  1985).  Based  on  these  five examples, the 
consensus sequence is TGTAART NaA N2 TTACAC (R, 
purine;  Fig. 6 B).  The palindromes are centered  anywhere 
from 162 bp (pucB)  to  29 bp (crtA)  from the  start codon 
of the  nearest  gene  (Fig. 6A).  Each  of the  three putative 
E. col#like  promoters located  within  the  crt  gene  cluster 
overlaps one of the palindromes (Fig. 3). We have searched 
for further examples of the palindromic site in the coding 
and flanking regions of other published R. capsulatus nucle- 
otide sequences encoding proteins (Table 2), as well as from 
the 5' end of ORF J to the 5' end of the pufQ gene (Fig. 2; 
Alberti  M,  unpublished).  No  additional  palindromic sites 
were found when we required  matches to each absolutely 
conserved nucleotide in the consensus (Fig. 6 B). 
Hyphenated twofold (palindromic) symmetry is a char- 
acteristic of the recognition sites for oligomeric DNA-bind- 
ing regulatory proteins (Gicquel-Sanzey and Cossart 1982; 
Gussin et al. 1986). The R. capsulatus consensus palindrome 
also  shows  strong  homology  to  a  consensus  sequence, 
TGTGT N  6 _ 1  o ACACA, derived from the recognition sites 
of a group of prokaryotic transcriptional factors containing 
examples of both positive and negative regulators (Fig. 6 C; 
Gicquel-Sanzey and  Cossart  1982;  Buck  et al.  1986).  We 
propose that the R. eapsulatus palindromic motif represents 
the binding site for a transcriptional regulatory factor. 264 
A 
2650 
<--crtI 
2434  2410  2393 
a g a T GT~I~kT  a t  c a c g'~2AC.AC  a t  c  crtA--> 
2393 
<--crtA 
8329 
<--crtD 
10520 
-->crtF 
2487  2511  2650 
a~LLTGTAAATc ggAa t  TgACgac  c  t  crtI--> 
8394  8418  8466 
gggTGTAAGTt  t  c~jt TTACAC a  gg  crtE--> 
10610  10634  10682 
g c~,.~,,I~GT  t  c aAt g aTACAC  a c a  ORF  J--> 
24  58  198 
c acrTGT2~Gac cgAc t~TA~.Ct  t  g  pucB--> 
ooeooeo 
+++++  ++ 
B  ~T  N  3 A  N  2 TTACAC 
III  IIII 
C  TGTGT  N6_lo  ACA~A 
Fig. 6A-C. Comparison of a palindromic motif found 5" to photo- 
synthesis  genes  with a consensus regulatory protein binding site. 
(A) the genes  flanking each palindrome are indicated  to the left 
and right, respectively. Arrows show the directions of transcription. 
Numbers above each sequence  show the nncleotide positions (as 
in  Fig. 3,  except  for pucB;  see Youvan and Ismail  1985) of the 
5' ends of the flanking genes  (or the 3' end in the case  of crtF), 
and the location of the palindrome. Possible puc operon transcrip- 
tion initiation signals  (Zucconi and Beatty 1988) are indicated by 
dots.  Complementary nucleotides  in the two halves  of the palin- 
dromes are underlined. Nucleotides which match the R. eapsulatus 
consensus (B) are given  in upper case, while  those that occur in 
positions defined  by the consensus are shown in boldface.  + indi- 
cates  an absolutely conserved nucleotide in the palindrome.  (C) 
the R. eapsulatus consensus sequence  is compared to a consensus 
derived from the recognition sites of the transcriptional regulatory 
factors NifA, AraC, CAP, LacI, GalR, LexA, TnpR, LysR and 
2 cII. Nucleotides conserved between the two consensuses  are indi- 
cated by a vertical line between the sequences 
Rho-independent transcription termination signals 
The  DNA  sequence  shown in  Fig. 3  was  searched,  using 
homology matrix programs, for regions of dyad symmetry 
with  the  potential  to  form stem-loop  structures  in  RNA. 
Possible secondary structures found between crtK and crtC 
include  two  GC-rieh  stem-loops,  one  3' to  crtK (centered 
at bp 5727) and the other 3' to crtC (centered at bp 5815), 
each followed by a run of three thymidines (Fig. 3, 7). Single 
regions  of  dyad  symmetry  followed  by  thymidine-rich 
stretches were found 3' to the crtI, B  and F  genes, centered 
at  bp 4219,  5136  and  10520,  respectively  (Fig. 3,  7).  The 
combination  of a  GC-rich  dyad  symmetrical  region,  fol- 
lowed by several thymidine residues is characteristic of rho- 
independent  transcriptional  terminators  in  bacteria  (re- 
viewed in Platt 1986). Possible rho-independent termination 
signals are found close to the 3' ends  of the R. eapsulatus 
pufand puc operon mRNAs as mapped by nuclease protec- 
tion  experiments  (Zucconi  and  Beatty  1988;  Chert  etal. 
1988).  As few  as four consecutive thymidines  following a 
GC-rich stem-loop region have been observed to terminate 
transcription very efficiently in vivo (Chen et al.  1988). The 
sequence  CTTT  (Fig. 7)  was  found  once  3'  to  the  crtC, 
F  and  K  stem-loops  and  twice  3'  to  the  crtI  stern-loop. 
The putative terminators  3' to crtB and crtF each overlap 
CGT  crtl 
C  G 
T-A  AG  =  -31.1  kcal 
G-C 
G-C 
G-C 
C  C-G 
G-C 
C-G 
G-C 
G~T 
C-G 
4201  C-G  4249 
TTCTG-CGCTTTACGCCTTTTG 
G G  crtB 
T  A 
A-T  AG  =  -19.4  kcal 
GuT  C-G 
G C-G  G-C 
G  I  C-S 
T-A  G-C 
C-G  A-T 
C-G  C-G 
G-C  C-G 
G-C  5845 G-C 
C-G 
5117  G-C  5163 
CGACC-GACGGTTCGTCACTGG 
GAA 
A  G 
G-C 
C-G 
G-C 
G-C 
G-C 
C-G 
G-CC A 
I 
G-CG 
C-G  G 
C-G 
C-G 
T~G 
G-C 
C-G 
C-G 
crtC 
AG  =  -74.9  kcal 
5768 
CAGAG-CGAGTGCCTTTGGGCC 
ACA 
A  T  c/~K  G  C  c/rE 
C  C  T~G  AG  =  -35.9  kca] 
C-G  ,',G  - -28.9  kca~  C-G 
G-C  G-C 
G-C  G~T 
A-T  C-G 
G-C  G-C 
C-G  C-G 
C-G  A-T 
A-T  A-T 
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G-C  G-C 
5707 S-C G  5760  10497  A G-C  10554 
ATCCT-AACCTTTCCCCGGGGC  TGATC-GGCTTTGACCCGGGGG 
Fig. 7. Possible  rho-independent transcriptional  terminators.  Nu- 
cleotide  positions (Fig. 3) of the stem-loops are shown on the left 
and right. The 5' gene and the stability of each hairpin are indicated 
to  the  right  of each  structure.  AT or GC  base  pairs,  and  GT 
base pairs are indicated by (-)  and (~),  respectively.  Underlined 
nucleotides indicate a thymidine-rich sequence found 3' to the stem- 
loops 
the  translational  stop  codons of these  genes  (Fig. 3).  The 
putative terminator 3' to crtllies within the 5' coding region 
of crtB, assuming our proposed crtB start at bp 4122. 
Properties of the carotenoid gene products 
The predicted  molecular weights  of the  crt gene products 
range from 18 kda for CrtK to 65 kda for CrtA (Fig. 4A). 
Mean hydropathy values (Table 3) of the crt gene products 
were calculated  by averaging the hydrophobicities of indi- 
vidual amino acids over the length of the protein.  Hydro- 
phobicity  values  for  individual  amino  acids  range  from 
-2.5 for arginine to  +  1.4 for isoleucine (Sweet and Eisen- 
berg 1983).  The mean hydropathy thus reflects the overall 
hydrophobicity  or hydrophilicity  of a  protein.  Abundant 
evidence exists in the literature  that many of the later Crt 
enzymes are membrane-bound  or -associated  (see Discus- 
sion). For comparison we also determined the mean hydro- 
pathies  for the  membrane-bound  R. capsulatus  RC,  LH-I 
and LH-II polypeptides. The mean hydropathies of the crt Table 3. Mean hydropathies  of the carotenoid  gene products and 
other membrane-bound R. capsulatus gene products 
Crt gene  Mean  Other gene  Mean 
products  hydropathy  a  products  hydropathy  a 
CrtK  +0.482  PucA, (LH-II ~)  +0.408 
CrtE  +0.151  PufA, (LH-I c~)  +0.403 
CrtD  +0.112  PufL, (RC-L)  +0.378 
CrtF  + 0.077  PufM, (RC-M)  + 0.338 
CrtA  +0.010  PufB, (LH-I fl)  +0.303 
CrtI  + 0.009  PucB, (LH-II/?)  + 0.257 
CrtB  -0.015  PuhA, (RC-H)  +0.014 
CrtC  -  0.040 
values arranged from most hydrophobic ( + ) to most hydrophilic 
(-) 
gene products range from + 0.482 for CrtK to  -0.040 for 
CrtC and, with the exception of CrtK, are not particularly 
hydrophobic compared to other known R. capsulatus pro- 
teins (Table 3).  CrtK, however, is more hydrophobic than 
any of the  polypeptides in  the  RC,  LH-I or LH-II com- 
plexes. 
CrtI and  CrtD,  both  of which  catalyze dehydrogena- 
tions  (Fig. 1),  show  extraordinary  amino  acid  homology 
in two regions (Fig. 8).  In the C-terminus of each protein, 
21  of 39  consecutive residues  (54%)  are conserved.  From 
Gly-438 to Pro-453 of CrtI and Gly-457 to Pro-472 of CrtD 
14  of 16  residues  (87.5%)  match exactly. The two  amino 
acid substitutions  from CrtI to  CrtD  are Ala to Vat and 
Gly to Ala,  both conservative changes.  The N-termini  of 
CrtI and CrtD show matches in  18 of 44 consecutive resi- 
dues (41%), with conservation of spacing between the ho- 
mologous  amino  acids.  Pairwise  comparisons  of the  Crt 
biosynthetic enzymes revealed no other regions of such sig- 
nificant amino acid homology. The high degree of homolo- 
gy between CrtI and CrtD  argues that the  crtD223  point 
mutation  (Marrs  1981)  is  probably  a  missense mutation 
which  does  not  grossly alter the  amino  acid  sequence  of 
CrtD presented here, with respect to the wild-type protein. 
Discussion 
The clustering of eight of the nine identified R. capsulatus 
carotenoid  genes (crtA,  B,  C,  D,  E,  F,  I  and K) suggests 
a potential for their coordinate regulation. This regulation 
could be assisted by segregation of the genes on one domain 
of the bacterial chromosome. Studies  in R. sphaeroides,  a 
closely related photosynthetic bacterium, indicate a similar 
clustering  of the  crtA,  B,  C, D,  E  and F  genes,  although 
the exact gene order remains to be determined (Pemberton 
and Harding 1986). Previous data have shown the R. capsu- 
latus crt gene cluster to be bounded by genetic loci required 
for Bchl biosynthesis (Taylor et al. 1983; Zsebo and Hearst 
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1984).  The correspondence of these loci with specific ORFs 
has  not  yet been  established,  although  mutations  within 
ORF  J  and  5'  to  ORF  H  in  the  3'  end  of ertA  (Fig. 2) 
cause Bchl-  phenotypes (Giuliano et at.  1988;  Armstrong 
et al., in preparation).  We propose that ORF J  and ORF 
H  are part of two  operons which  include  genes required 
for Bchl but not Crt biosynthesis, and which are transcribed 
outwards away from the crt gene cluster. 
The  directions  of transcription  of all  genes  shown  in 
Fig. 2  have  been  confirmed  using  single-stranded  DNA 
probes (Armstrong et al.,  in preparation).  Our results  are 
in agreement with the directions of transcription proposed 
by Giuliano et al. (1988), except in the case of the tentative 
proposal of these  authors  for crtD.  Confirming our tran- 
scriptional  data  are  the  complete nucleotide  sequence  of 
the ertD region (Fig. 3),  the codon usage of open reading 
frames on both DNA  strands  (data  not  shown),  and  the 
regions of strong amino acid homology observed between 
CrtD  and CrtI (Fig. 8),  all of which  indicate that crtD is 
transcribed from right to left in Fig. 2. Giuliano et al. (1988) 
did not identify crtK as a discrete gene by interposon muta- 
genesis, presumably because of the similarity of CrtC- and 
CrtK- phenotypes and the fact that crtC and crtK are adja- 
cent.  The  minimum  four  operons  in  the  crt  gene  cluster 
are crtA, crtIBK, crtDC and ertEF based on the orientation 
of the genes. A crtDC operon, however, seems unlikely be- 
cause  polar f2  interposon  insertions  within  ertD  at  ApaI 
and EcoRI  sites (bp 8163  and 7310,  respectively) produce 
CrtD-  rather  than  CrtC-  phenotypes  (Giuliano  et al. 
1988). Possible rho-independent transcriptional terminators 
have been found 3' to the crtL B, K, C and F genes (Fig. 7). 
If termination occurs 3' to crtI and ertB in vivo, the operon 
organization  of the  crt  gene cluster  would  be even more 
complex. 
In  R. capsulatus  we  observe no  major differences  be- 
tween  codon  usage in  highly  expressed  structural  protein 
genes (puf, puh  and puc,  for example), and  the  crt genes. 
Of the  3038  predicted  crt  codons,  17%  end  in  A  or  T, 
compared  to  15.5%  of the  3979  codons  from  all  other 
R. capsulatus  genes.  Extensive  studies  of codon  usage  in 
E. coli have also shown that codon bias is preserved from 
genes encoding  very highly expressed ribosomal proteins, 
to  genes  encoding  rarely  expressed  regulatory  proteins 
(Sharp  and  Li  1986).  The  triplets  ATA,  CTA  and  TTA 
have not yet been observed in the 7017 codons from R. cap- 
sulatus genes described here or in previous studies (Table 2), 
providing  the  most  extreme  example  of the  strong  bias 
against codons ending in A  or T. 
Eseheriehia  eoli-like  0  -7o  promoter  signals  have  never 
been previously observed in Rhodobacter (Kiley and Kaplan 
1988), nor has detailed data on any R. capsulatus promoters 
been available until recently. We have, however, found pos- 
sible E. eoli-like ~7o promoters (McClure  1985)  5' to ertI, 
crtD  and  ORF  J  (Fig. 5).  Within  the  constraints  of our 
CrtI  Thr-2 
CrtD  Thr-31 
TVVDRLDRPGGRGSSITKGGHFRDLGPTIVTVPDRLRELWADCG  Gly-45 
TVVEAGDAPGGKARAVPTPGGPADTGPTVLTMRHVLDALFAACG  Gly-74 
e**  *  ***  *  *  ***  *  .  ,  .  ** 
CrtI  Ala-425  AWFRPHNASEEVD  GLYLVGAGTHPGAGVP  SVIGSGELVA  Ala-463 
CrtD  Ala-444  ATFRRPLARTGLK  GLYLAGGGTHPGAGVP  MALTSGTHAA  Ala-482 
Fig. 8. Amino acid homology between CrtI and CrtD. Both termini  of each protein (residues are indicated  at the left and right)  have 
been  aligned  to generate  the highest  %  homology match. Conserved  amino  acids are shown  by asterisks. The C-terminal  region  of 
greatest homology is shown in boMface, separated by spaces from the adjacent sequence 266 
homology search (see Results), no other E. coli-like promot- 
er  sequences  were  found  within  the  crt  gene  cluster,  al- 
though  the gene organization  suggests that there must be 
promoter  signals  in  the  5'  flanking  regions  of crtA  and 
ertE (Fig. 2).  We note,  however, that positively controlled 
promoters often deviate more strongly than do unregulated 
promoters  from  the  E. eoli  o 7°  consensus  sequence 
(McClure  1985)  and  may not  have been  detected  in  our 
homology search. Another possibility is that R. capsulatus 
uses multiple a factors to control the expression of different 
classes of genes (Reznikoff et al. 1985).  Sequences homolo- 
gous to NtrA (a  6°) promoters, which control the expression 
of anaerobically induced  nitrogen  fixation (n/J)  genes (re- 
viewed in Gussin et al.  1986),  have been recently described 
in R. capsulatus (Masepohl et al. 1988; Bauer et al. 1988). 
Photosynthetic pigments (Bchl and Crt) do not accumu- 
late in E. coli strains harboring the R. capsulatus photosyn- 
thesis gene cluster carried on pRPS404 (Marrs 1981).  John- 
son et al. (1986) have suggested that E. coli does not trans- 
cribe the R. capsulatus photosynthesis genes. Our observa- 
tion  that the R. capsulatus  crtD  and  ertI genes may have 
E. coli-like 070 promoters, thus, was not anticipated. Pem- 
berton and Harding (1987) have, however, recently shown 
that transfer of the R. sphaeroides crt gene cluster to several 
species of phylogenetically related non-photosynthetic bac- 
teria results in the production of Crt. Lack of Crt produc- 
tion  in  E. coli may occur  because  of lack  of recognition 
of at least  one  crt gene promoter,  absence  of the proper 
transcriptional regulatory factors required for ert gene ex- 
pression,  or because  of differences in  post-transcriptional 
regulation between the two species. 
We have found five examples of a conserved nucleotide 
motif (Fig. 6A) in the 5' flanking regions of R. capsulatus 
photosynthesis genes. This motif shows strong sequence ho- 
mology to a  derived consensus binding site for a  series of 
prokaryotic DNA-binding proteins including NifA, AraC, 
CAP, Lad, GalR, LexA, TnpR, LysR and 2 cII (Gicquel- 
Sanzey and Cossart 1982; Buck et al. 1986),  which function 
as  repressors and/or  activators  of transcription  (reviewed 
in  Raibaud  and  Schwartz  1984).  The R. capsulatus  motif 
is palindromic, as are the binding sites for known dimeric 
or tetrameric regulatory factors (Gicquel-Sanzey and Cos- 
sart 1982; Gussin et al. 1986). The two halves of the consen- 
sus  palindrome (Fig. 6B)  are separated  by 12  nucleotides 
center  to  center.  Such  a  spacing  would  allow  a  dimeric 
regulatory factor to bind cooperatively to two sites on the 
same face of the DNA helix separated by about one helical 
turn. 
One example of the R. capsulatus palindromic motif oc- 
curs 5' to thepuc operon (Fig. 6A), which encodes the LH- 
II antenna polypeptides.  Zucconi  and  Beatty (1988)  have 
mapped the  5' triphosphate  ends  of puc  operon mRNAs 
by nuclease protection experiments and have suggested that 
a  direct  repeat  of ACACTTG,  located  5'  to  each  of the 
two mapped mRNA start sites,  may be involved in  tran- 
scription initiation.  We note that the palindrome overlaps 
the upstream ACACTTG sequence  (Fig. 6A).  The two 5' 
ends ofthepuc mRNAs are located ca. 35 and ca. 50 nucleo- 
tides downstream from the center of the palindrome. Three 
other  examples  of  the  palindrome  overlap  the  putative 
E. coli-like promoter sequences found 5' to crtI, crtD and 
ORF J  (Fig. 3,  6).  We propose a  regulatory  function  for 
the palindrome because of the extraordinary conservation 
of the motif, its presence in the 5' flanking regions of four 
crt genes, ORF J  and the puc operon, and its overlap with 
putative E. col#like promoters in the above three cases. 
Overlap  of the  putative  R. capsulatus  regulatory  sites 
with  promoter  sequences  could  be consistent  with  either 
positive  or negative gene  regulation.  The regulatory  sites 
may  also  be  widely  separated  from  the  promoters  with 
which  they  interact.  Regulatory  factors  such  as  AraC, 
NtrC,  2  cI and CAP may function  as either activators or 
repressors of transcription (for examples of reviews see Rai- 
baud and Schwartz 1984; Gussin et al. 1986).  AraC, MalT, 
and  2  cI  bind  immediately upstream  of the  -35  region 
of positively regulated  E. coli promoters and  2  cII binds 
within the -  35 flanking regions, while NifA may bind more 
than 100 bp upstream of the anaerobically induced nif pro- 
moters (Buck et al. 1986).  Negative regulation mediated by 
repressors  often  occurs  through  overlap  of the  repressor 
binding  site with the regulated promoter (Reznikoff et al. 
1985).  Formation  of a  DNA  loop  between  two  separate 
protein binding  sites,  as in  the cases  of AraC,  GalR and 
possibly NifA, serves as an additional mechanism for gene 
regulation  (Gussin  et al.  1986).  Further  experiments  will 
be necessary to define the interaction between the R. capsu- 
latus  putative  regulatory  palindromes  and  sequences  in- 
volved in transcription initiation. 
The puc operon is known to be highly regulated at the 
transcriptional  level in  response  to  oxygen tension  (Klug 
et al.  1985).  We  have  recently  shown  that  expression  of 
several  crt  genes  is  strongly induced  during  a  shift  from 
aerobic  to  photosynthetic  growth  (Armstrong  et al.,  in 
preparation),  while  Giuliano  et al.  (1988)  have  found  an 
increase in the steady-state levels of 5' ends from crtA,  C 
and  E  mRNAs in  anaerobic versus aerobic cultures.  The 
common feature of anaerobic gene induction could explain 
the unexpected presence of identical transcriptional regula- 
tory signals 5' to both the puc and crt operons. These regu- 
latory sequences  are not,  however, found close to the puf 
and pub operons (Fig. 2), whose expression is also induced 
by reduction of the oxygen tension (Clark et al. 1984; Klug 
et al. 1985). Whether a linkage exists between the expression 
of the puc operon and  the regulated  crt genes remains to 
be tested. The palindromes (Fig. 6A) may bind a transcrip- 
tional factor involved in the regulation of a  subset of the 
R. capsulatus photosynthesis genes. ORF J is also preceded 
by a putative regulatory site and may be part of an operon 
required for Bchl biosynthesis (see Results). It will be inter- 
esting to determine if similar regulatory palindromes exist 
5' to the bch genes previously reported to be regulated by 
oxygen tension (Zhu and Hearst 1986; Zhu et al. 1986). 
The  biosynthesis  of Crt  may be roughly  divided  into 
early and late reactions. The early reactions leading to pro- 
duction of neurosporene (Fig. 1) are common to many or- 
ganisms, while the later reactions diverge widely depending 
on the final Crt product(s) (Goodwin 1980).  The consecu- 
tive reactions  mediated  by CrtB,  CrtE  (Armstrong et al., 
in  preparation)  and  CrtI  (Giuliano  et al.  1986)  are  early 
reactions  (Fig. 1).  These enzymes might thus  be expected 
to show the greatest similarities to Crt biosynthetic enzymes 
from  other  organisms.  The  later  reactions  mediated  by 
CrtC, K, D, F and A in R. capsulatus produce more special- 
ized carotenoids (Fig. 1) found in some photosynthetic bac- 
teria (Goodwin 1980). 
A  second  rough  division  of the  Crt  pathway  can  be 
made based on the cellular localization of the biosynthetic 
enzymes. The condensation  of Crt pyrophosphate precur- 267 
sors culminating in the formation of phytoene is conducted 
by soluble enzymes in several higher plant  systems (Jones 
and Porter 1986; Camara et al.  1982). Phytoene synthetase 
is, however, a peripheral membrane protein in some higher 
plants (Kreuz et al. 1982) and in fungi (Bramley and Taylor 
1985).  Phytoene dehydrogenase and later  Crt biosynthetic 
enzymes are membrane-bound in cyanobacteria (Sandmann 
and Bramley 1985),  fungi (Bramley and Taylor 1985) and 
higher plants (Beyer et al.  1985). 
In  R. capsulatus  one  might  thus,  by  analogy,  suggest 
that  CrtB  and CrtE would be soluble or peripheral  mem- 
brane  proteins,  while  CrtI,  C,  K,  D,  F  and  A  would  be 
membrane-bound. Mean hydropathy values (Table 3) show 
that  although  CrtB  is  the  most  hydrophilic  Crt  enzyme, 
CrtE is the second most hydrophobic. None of the crt gene 
products  are  as  hydrophobic as  integral  membrane  poly- 
peptides  such  as  RC-L, RC-M,  LH-I fl, ~  and  LH-II fl, 
(Table 3),  with  the  exception  of CrtK.  The  mean  hydro- 
pathy values  of the crt gene products thus do not suggest 
a  simple  model  of enzyme  localization.  CrtK  encodes  a 
very  hydrophobic  polypeptide  apparently  required  along 
with CrtC for the conversion of neurosporene to hydroxy- 
neurosporene (Fig. 1,  see Results).  Based  on the data pre- 
sented here and by Giuliano et al. (1988) it is not presently 
possible to determine  the relative roles of CrtC and CrtK 
in this  reaction.  Because  CrtK  is  more hydrophobic than 
known R. capsulatus integral membrane polypeptides  (Ta- 
ble 3) or the other Crt enzymes mentioned above, it could 
be  membrane-bound  or  otherwise  shielded  from  solvent, 
possibly  serving  as  a  membrane  attachment  point  for an 
enzyme complex. 
We interpret  the  observation  of two  regions  of strong 
amino  acid homology between  CrtI  and  CrtD  (Fig. 8)  in 
the  following  manner.  Both  enzymes  dehydrogenate  Crt 
biosynthetic intermediates.  CrtI mediates  the introduction 
of a  double bond at the 11,  12 position of phytoene, while 
CrtD dehydrogenates either methoxyneurosporene or hyd- 
roxyneurosporene at the 3, 4 position (Fig. 1). We propose 
that the homologous amino acids represent conserved struc- 
tural or functional features required for the interaction be- 
tween  Crt  and  the  dehydrogenases.  The most highly con- 
served  region,  in  the  C-terminal  domain  of each protein, 
contains  a  high  number  of  hydrophobic  amino  acids 
(Fig. 8).  The CrtF,  C, K  and A  enzymes do not, however, 
share  such significant homology with the dehydrogenases. 
This  suggests  that  the  conserved  residues  do  not  simply 
form a hydrophobic Crt binding pocket, but may also pro- 
vide specific side chains uniquely required for the dehydro- 
genation reaction. 
This study provides the necessary basis for the genetic, 
biochemical and immunological dissection of the R. capsu- 
latus  Crt  biosynthetic  pathway.  We  have  determined  the 
first DNA and deduced amino acid sequences for Crt bio- 
synthesis genes and gene products, and have also identified 
possible promoter, terminator and transcriptional regulato- 
ry signals which govern crt gene expression.  Previous stu- 
dies of crt gene regulation in R. capsulatus have been ham- 
pered by the lack of gene-specific probes (Clark et al. 1984; 
Klug etal.  1985;  Zhu and  Hearst  1986;  Zhu etal.  1986). 
The work presented  here will facilitate  an examination  of 
the regulation of individual crt genes. Rhodobacter capsula- 
tus will, no doubt, continue to prove a valuable model sys- 
tem  from which  to  extend  studies  of Crt  biosynthesis  to 
other photosynthetic and non-photosynthetic organisms. 
Acknowledgements.  We thank D. Koh for synthesizing oligonucleo- 
tide primers,  E. Kim, L. Widdison, R. Greer, A. Hsia, J. White, 
T. Simmonds and D. Scherr  for help in the DNA sequencing  of 
the  crtA  gene,  and D.  Burke-Agiiero, D.  Cook, J.  Gingrich, C. 
Maulbecker and D, O'Brien for advice and critical reading of this 
manuscript.  This material  is based upon work supported  under 
a National Science Foundation Graduate Fellowship  to G. A. A. 
This work was also supported  in part  by National Institutes  of 
Health grant GM 30786 and by the Office of Basic Energy Sciences, 
Biological Energy Division,  Department of Energy under contract 
DE-ACO30-76SF00098. 
References 
Bauer CE, Young DA, Marrs BL (1988) Analysis  of the Rhodo- 
bacter capsulatus puf operon. J Biol Chem 263:482(L4827 
Beyer P, Weiss G, Kleinig H (1985) Solubilization  and reconstitu- 
tion of the membrane-bound carotenogenic enzymes from daf- 
fodil chromoplasts. Eur J Biochem 153:341-346 
Bolivar F (1978) Construction and characterization of new cloning 
vehicles:  III.  Derivatives  of  plasmid  pBR322  carrying  the 
EcoRI sites for selection of EcoRI generated recombinant DNA 
molecules. Gene 4:121-136 
Bolivar F, Rodriguez RL, Greene P J, Betlach MC, Heynecker HL, 
Boyer HW (1977)  Construction and characterization  of new 
cloning  vehicles:  II.  A  multipurpose  cloning  system.  Gene 
2:95-113 
Bramley P (1985) The in vitro biosynthesis  of carotenoids. In: Pao- 
letti R, Kritchensky D (eds) Advances in lipid research,  vol 21. 
Academic Press, Orlando, Florida, pp 243-279 
Bramley PM, Taylor RF (1985) The solubilization  of carotenogenic 
enzymes of Phycomyces blakesleeanus.  Biochim Biophys Acta 
839 : 155-160 
Buck M, Miller S, Drummond M, Dixon R (1986) Upstream acti- 
vator sequences  are present in the promoters of nitrogen fixa- 
tion genes. Nature 320:374-378 
Camara B, Bardat F, Moneger R  (1982) Sites of biosynthesis  of 
carotenoids  in  Capsicum  chromoplasts.  Eur  J  Biochem 
127:255-258 
Chen EY, Seeburg  H  (1985) Laboratory methods -  supercoil  se- 
quencing: a  fast  and  simple  method  for sequencing  plasmid 
DNA. DNA 4:165-170 
Chen  CY,  Beatty JT,  Cohen  SN,  Belasco  JG  (1988)  An inter- 
cistronic stem-loop structure functions as an mRNA decay ter- 
minator necessary but insufficient for pufmRNA stability.  Cell 
52: 609-619 
Clark WG, Davidson E,  Marrs  BL (1984) Variation of levels of 
mRNA coding for antenna  and reaction center polypeptides 
in Rhodopseudomonas  capsulata in response to changes in oxy- 
gen concentration. J Bacteriol  157:945-948 
Daldal F, Chen S, Applebaum J, Davidson E, Prince RC (1986) 
Cytochrome Cz is not essential  for photosynthetic growth of 
Rhodopseudomonas  capsulata.  Proc  Natl  Acad  Sci  USA 
83:2012-2016 
Davidson E,  Daldal  F  (1987)fbc  operon,  encoding the  Rieske 
Fe-S  protein,  cytochrome b,  and cytochrome cl  apoproteins 
previously described  from Rhodopseudomonas  sphaeroides,  is 
from Rhodopseudomonas capsulata. J Mol Biol 195:25-29 
Drews  G  (1985)  Structure  and functional  organization of light- 
harvesting  complexes  and  photochemical reaction  centers  in 
membranes of phototrophic bacteria. Microbiol Rev 49 : 59-70 
Drews G, Oelze J (1981) Organization and differentiation of mem- 
branes of phototrophic bacteria.  Adv Microb Physiol 22:1-92 
Gabellini  N, Sebald W (1986) Nucleotide sequence  and transcrip- 
tion  of the fbc operon from Rhodopseudomonas  sphaeroides. 
Eur J Biochem 154:569-579 
Gicquel-Sanzey B, Cossart P (1982) Homologies between different 
procaryotic  DNA-binding  regulatory  proteins  and  between 
their sites of action. EMBO J 1 : 591-595 
Giuliano G, Pollock D, Scolnik PA (1986) The crtI gene mediates 268 
the conversion of phytoene into colored carotenoids in Rhodo- 
pseudomonas  capsulata. J Biol Chem 261:12925-12929 
Giuliano G, Pollock D,  Stapp H,  Scolnik PA (1988) A  genetic- 
physical map of the Rhodobacter  capsulatus carotenoid biosyn- 
thesis gene cluster. Mol Gen Genet 213:78-83 
Goodwin TW (1980) The Biochemistry  of the Carotenoids, vol 1, 
Plants. Chapman and Hall, New York 
Gussin GN, Ronson CW, Ausubel FM (1986) Regulation of nitro- 
gen fixation genes. Annu Rev Genet 20:567-591 
Harding RW,  Shropshire  W  (1980) Photocontrol of carotenoid 
biosynthesis. Annu Rev Plant Physiol 31:217-238 
Imhoff JF, Triiper HG, Pfennig N  (1984) Rearrangements of the 
species and genera of the phototrophic "purple nonsulfur bac- 
teria". Int J Syst Bacteriol 34: 340-343 
Johnson JA, Wong WKR, Beatty JT (1986) Expression of cellulase 
genes in Rhodobacter  capsulatus by the use of plasmid expres- 
sion vectors. J Bacteriol  167:604-610 
Jones BL,  Porter JW (1986) Biosynthesis  of carotenes in higher 
plants. CRC Crit Rev Plant Sci 3:295-324 
Kiley P  J, Kaplan S (1987) Cloning, DNA sequence and expression 
of the Rhodobacter sphaeroides light-harvesting B800-850-~ and 
B800-850-fl genes. J Bacteriol  169: 3268-3275 
Kiley PJ,  Kaplan S (1988) Molecular genetics  of photosynthetic 
membrane biosynthesis in Rhodobacter  sphaeroides.  Microbiol 
Rev 52: 50--69 
Klug G, Kaufmann N, Drews  G  (1985) Gene expression  of pig- 
ment-binding  proteins of the bacterial photosynthetic appara- 
tus: transcription and assembly in the membrane of Rhodopseu- 
domonas capsulata. Proc Natl Acad Sci USA 82:6485-6489 
Kreuz K,  Beyer  P,  Kleinig H  (1982) The  site  of carotenogenic 
enzymes  in chromoplasts  from  Narcissus  pseudonarcissus  L. 
Planta 154: 66--69 
Krinsky NI (1971) Function. In: Isler O,  Gutmann H, Solms  U 
(eds) Carotenoids. Birkheuser  Verlag, Basel, pp 669-716 
Maniatis T, Fritsch EF, Sambrook J  (1982) Molecular Cloning. 
A laboratory manual, Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, New York 
Marrs B (1981) Mobilization of the genes for photosynthesis from 
Rhodopseudomonas  capsulata by a promiscuous plasmid. J Bac- 
teriol 146:1003-1012 
Masepohl B, Klipp W, Pfihler A (1988) Genetic characterization 
and sequence  analysis of the  duplicated nifA/nifB  region of 
R. capsulatus. Mol Gen Genet 212:2747 
McClure WR (1985) Mechanism and control of transcription initi- 
ation in prokaryotes. Annu Rev Biochem 54:171-204 
Messing J, Crea R, Seeburg PH (1981) A system for shotgun DNA 
sequencing. Nucleic Acids Res 9:309-321 
Pemberton JM, Harding CM (1986) Cloning of carotenoid biosyn- 
thesis genes from Rhodopseudomonas  sphaeroides. Curr Micro- 
biol 14:25-29 
Pemberton JM, Harding CM (1987) Expression of Rhodopseudo- 
monas sphaeroides carotenoid photopigment genes in phylogen- 
etieally  related  nonphotosynthetic bacteria.  Curr  Microbiol 
15:67-71 
Pitt GAJ (1971) Vitamin A. In: Isler O,  Gutmann H,  Solms  U 
(eds) Carotenoids. Birkheuser  Verlag, Basel, pp 717-742 
Platt T (1986) Transcription termination  and the regulation of gene 
expression. Annu Rev Biochem 55:339-372 
Pustell J,  Kafatos F  (1982) A eonvenient and adaptable package 
of DNA sequence analysis programs for microcomputers. Nuc- 
leic Acids Res 10:51-59 
Raibaud O,  Schwartz  M  (1984) Positive  control of transcription 
initiation  in bacteria. Annu Rev Genet 18:173-206 
Reznikoff  WS, Siegele DA, Cowing DW, Gross C (1985) The regu- 
lation of transcription initiation in bacteria. Annu Rev Genet 
19:355-387 
Sandmann  G, Bramley P (1985) Carotenoid biosynthesis by Aphan- 
ocapsa homogenates coupled to a phytoene-generating system 
from Phycomyces blakesleeanus. Planta 164:259-263 
Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with 
chain  terminating  inhibitors.  Proc  Natl  Acad  Sci  USA 
74: 5463-5467 
Schumann J, Waitehes  G, Scolnik P (1986) A DNA fragment hy- 
bridizing to a mf probe in Rhodobaeter  capsulatus is homolo- 
gous to a 16 S rRNA gene. Gene 48:79-90 
Scolnik PA, Marts BL (1987) Genetic research with photosynthetic 
bacteria. Annu Rev Microbiol 41 : 703-726 
Scolnik PA, Walker MA, Marrs BL (1980) Biosynthesis of carot- 
enoids derived from neurosporene in Rhodopseudomonas  capsu- 
lata. J Biol Chem 255:242%2432 
Sharp PM,  Li W-H (1986) Codon usage in regulatory genes in 
Escherichia  coli  does  not reflect  selection  for  'rare' codons. 
Nucleic Acids Res 14: 7737-7749 
Shine J, Dalgarno L (1974) The T-terminal sequence of Escherichia 
eo/i 16 S ribosomal RNA: complementarity  to nonsense triplets 
and  ribosome  binding  sites.  Proe  Natl  Acad  Sci  USA 
71 : 1342-1346 
Stormo GD (1986) Translation initiation. In: Reznikoff W, Gold 
L (eds) Maximizing Gene Expression. Butterworths, Stoneham, 
Massachusetts,  pp 195-224 
Sweet RM, Eisenberg D (1983) Correlation of sequence hydropho- 
bicities measures  similarity in three-dimensional protein struc- 
ture. J Mol Biol 171:479-488 
Taylor DP, Cohen SN,  Clark WG, Marrs BL (1983) Alignment 
of the genetic and restriction maps of the photosynthesis region 
of the Rhodopseudomonas  capsulata chromosome by a conjuga- 
tion-mediated  marker  rescue  technique.  J  Bacteriol 
154: 580-590 
Yanisch-Perron C, Vieira J, Messing J (1985) Improved M13 clon- 
ing  vectors  and  host  strains:  nucleotide  sequences  of  the 
M13mpl8 and pUC19 vectors. Gene 33 : 103-119 
Yen HC, Marrs B (1976) Map of genes for carotenoid and bacter- 
iochlorophyll biosynthesis in Rhodopseudomonas  capsulata.  J 
Bacteriol  126: 619-629 
Youvan DC, Ismail S (1985) Light-harvesting II (B800-B850 com- 
plex) structural genes from Rhodopseudomonas  capsulata. Proc 
Natl Acad Sci USA 82: 58-62 
Youvan DC, Bylina EJ, Alberti M, Begusch H, Hearst JE (1984a) 
Nucleotide and deduced  polypeptide sequences  of the photo- 
synthetic reaction-center, B870 antenna, and flanking polypep- 
tides from R. capsulata. Cell 37:949-957 
Youvan DC, Alberti M, Begusch H, Bylina EJ, Hearst JE (1984b) 
Reaction center and light-harvesting genes from Rhodopseudo- 
monas capsulata. Proc Natl Acad Sci USA 81:189-192 
Zhu YS,  Hearst  JE  (1986) Regulation of the  expression  of the 
genes for light-harvesting antenna proteins LH-I and LH-II; 
reaction center polypeptides  RC-L,  RC-M,  and RC-H;  and 
enzymes of bacteriochlorophyll and carotenoid biosynthesis in 
Rhodobacter  capsulatus  by light and oxygen. Proc Natl Acad 
Sci USA 83: 7613-7617 
Zhu YS, Cook DN, Leach  F, Armstrong GA, Alberti M, Hearst 
JE (1986) Oxygen-regulated  mRNAs for light-harvesting and 
reaction center complexes and for bacteriochlorophyll and ca- 
rotenoid biosynthesis in Rhodobacter capsulatus during the shift 
from anaerobic to aerobic growth.  J Bacteriol 168 : I 180-1188 
Zsebo KM, Hearst JE (1984) Genetic-physical  mapping of a photo- 
synthetic gene cluster from R. eapsulata. Cell 37:937-947 
Zucconi AP, Beatty JT (1988) Post-transcriptional regulation by 
light of the steady-state  levels of mature B800-850 light-harvest- 
ing  complexes  in  Rhodobacter  capsulatus.  J  Bacteriol 
170: 877-882 
Communicated by H. Saedler 
Received September 16, 1988 